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RATE-CONTROLLED OPTICAL BURST
SWITCHING

PRIOR APPLICATION

This application 1s a continuation application of Ser. No.
10/054,512 filed Nov. 13, 2001 now U.S. Pat. No. 7,187,634,
currently allowed.

FIELD OF THE INVENTION

The present invention relates to data networks and, 1n par-
ticular, to burst switching in an optical-core network.

BACKGROUND OF THE INVENTION

A data network comprises a number of source nodes, each
source node receiving traific from numerous tratfic sources,
and a number of sink nodes, each sink node delivering data to
numerous traffic sinks. The source nodes can be connected to
the sink nodes directly or through core nodes. Source nodes
and sink nodes are oiten paired to form edge nodes, where a
source node and sink node of an edge node share memory and
control.

Each link between two nodes may comprise multiple chan-
nels. An optical multi-channel link uses Wavelength Division
Multiplexing (WDM). WDM allows a given optical link to be
divided into multiple channels, where a distinct stream of data
may be transmitted on each channel and a different wave-
length of light 1s used as a carrier wave to form each of the
multiple channels within the optical link.

The performance, efficiency, and scalability of a telecom-
munications network depend heavily on the nodal degree and
the directly related network diameter. The degree of a specific
node 1s a measure of the number of nodes to which the specific
node directly connects. The term topological reach 1s used
herein to refer to the number of sink nodes that a source node
can reach directly or through the network core. The diameter
ol a network 1s a measure of the maximum number of hops
along the shortest path between any two nodes. For a given
network capacity, the higher the nodal degree, the smaller the
network diameter becomes, and a small network diameter
generally yields high performance and high efficiency. On the
other hand, for a given nodal degree, scalability generally
increases with the network diameter, but to the detriment of
network efficiency. It 1s therefore advantageous to increase
the nodal degree to the highest limit that technology permuits.

In a network based on channel switching, a source node
connects to destination sink nodes through channels, each
channel being associated with a wavelength. The topological
reach of a source node, 1.e., the number of destination sink
nodes that the source node can reach without switching at an
intermediate edge node, 1s then limited by the number of
channels emanating from the source node, which 1s typically
significantly smaller than the number of edge nodes 1n the
network. Time-sharing enables fine switching granularity
and, hence, a high topological reach. Effective time-sharing
in a bufferless-core network requires that the edge nodes be
time-locked to the core nodes, that all nodes be fast-switch-
ing, and that a path between two edge nodes traverses a single
optical corenode. A node X 1s said to be time-locked to anode
Y if, at any instant of time, the reading of a time-counter at
node X equals the sum of a reading of an identical time-
counter at node Y and the propagation time from node X to
node Y, where the time counters at nodes X and Y have the
same period, and the propagation delay 1s measured relative
to said period. Thus, if each of several edge nodes transmits a
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pulse, when 1ts time-counter reading 1s T, to a specific core
node, the pulses from the edge nodes arrive at the core node
when the time-counter reading of the core node 1s also T.

TDM (time-division-multiplexing) and burst switching are
two modes of network time sharing. In TDM, data 1s orga-
nized 1n a time-slotted frame of a predefined duration and a
path from a source node to a sink node may be allocated one
or more time slots. In burst switching, data packets are aggre-
gated mto bursts, generally of different sizes, and the bursts
are switched in the core towards destination sink nodes,
where each burst 1s disassembled into constituent packets.
Both TDM and burst switching can be exploited to increase
the nodal degree, hence reduce the network diameter. The
application of TDM 1n an optical-core network 1s described 1n
Applicant’s U.S. patent application Ser. No. 09/960,959, filed
on Sep. 25, 2001 and titled “Switched channel-band Net-
work,” which 1s incorporated herein by reference.

Prior-art burst switching has attractive features but has two
main drawbacks: burst-transfer latency and burst loss. In a
closed-loop scheme, a source node sends a request to a core
node for transierring a burst, the request including a destina-
tion and size of the burst, and waits for a message from the
core node, where the message acknowledges that the optical
switch 1n the core node 1s properly configured, before sending,
the burst. In an open-loop scheme, the burst follows the burst
transier request after a predetermined time period, presum-
ably suificient to schedule the burst transier across the core,
and 1t 1s expected that, when the burst arrives at the core node,
the optical switch will have been properly configured by a
controller of a core node. It 1s noted that even if a very long
time gap 1s kept between a burst-transier request and the data
burst itselt, the lack of butiers at the core node may result in
burst loss and a significant 1dle time.

In the closed-loop scheme, the time delay 1involved 1n send-
ing a burst transier request and recerving an acceptance
betore sending a burst may be unacceptably high, leading to
idle waiting periods and low network utilization in addition to
requiring large storage at the edge nodes.

In the open-loop scheme, a burst may arrive at a core node
betore the optical switch can be configured to switch the burst
and the burst may be lost. Furthermore, the fact that the burst
has been lost at the core node remains unknown to the source
node for some time and a lost burst would have to be sent
again aiter a predefined interval of time.

In a wide-coverage network, the round-trip propagation
delay from an edge node, comprising a paired source node
and a sink node, to a core node can be of the order of tens of
milliseconds. This renders closed-loop burst scheduling inap-
propniate. In closed-loop switching, a source node and a core
node must exchange messages to determine the transmission
time of each burst. The high round-trip delay requires that the
source node have a sizeable butler storage. On the other hand,
open-loop burst scheduling, which overcomes the delay prob-
lem, can result in substantial burst loss due to unresolved
contention at the core nodes. It 1s desirable that data bursts
formation at the source nodes and subsequent transier to
respective optical core nodes be performed with low delay,
and that burst transier across the core be strictly loss-iree. It 1s
also desirable that the processing effort and transport over-
head be negligibly small.

A burst scheduling method and a mechanism for burst
transier 1n a composite-star network 1s described in the appli-
cant’s U.S. patent application Ser. No. 09/750,071, filed on
Dec. 29, 2000, and titled “Burst Switching in a High-Capacity
Network™, the contents of which are incorporated herein by
reference. According to the method, a burst-transfer request 1s
sent to a controller of a core node after a burst has been formed
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at a source node. High elfficiency 1s, however, maintained by
burst scheduling and burst-transter pipelining. The burst
transier across the optical-core 1s loss-iree. However, a burst
has to wait at 1ts source node for a period of time slightly
exceeding a round-trip delay between the source node and a
selected core node. In a network of global coverage, the

burst-transier latency may exceed a high value, 20 millisec-
onds for example, for a significant proportion of the tratfic.

SUMMARY OF THE INVENTION

In a network having electronic edge nodes and optical core
nodes, each core node has a capability to switch data bursts of
variable sizes. The data bursts recetved at a core node are
generated at source nodes generally having substantially dii-
ferent propagation delays to the core node and the present
invention provides a burst-switching method and apparatus to
enable a high-performance burst-switching mode.

In accordance with an aspect of the present invention, a
method 1s provided for burst communications wherein a core
node of the network distributes timed burst transfer permuits to
edge nodes, and each edge node assembles data into bursts as
indicated by respective permits and transmits the bursts
according to the permits schedule. In a related aspect, the
burst sizes and burst transfer rates are determined as functions
ol bitrate allocations for burst streams.

In accordance with another aspect of the present invention,
a method 1s provided for burst specification and scheduling
wherein burst schedules are initiated by a buiferless core node
and distributed to respective edge nodes. In a related aspect,
there 1s provided a method for burst switching 1n which bursts
are mitiated by any of a plurality of butierless core nodes and
distributed to respective edge nodes.

In accordance with a further aspect of the present invention
there 1s provided a method of burst generation wherein a burst
s1ze 1s determined according to an allocated bitrate of a
respective burst stream. In a related aspect, an allocated
bitrate of a burst stream 1s modified according to observed
usage of scheduled bursts of said burst stream.

In accordance with yet another aspect of the present inven-
tion there 1s provided a method of control-burst exchange
between each of a plurality of edge nodes and each of a
plurality of builferless core nodes. Both payload bursts and
control bursts share the optical channels connecting the edge
nodes and the core nodes.

In accordance with a further aspect of the present invention
there 1s provided a method of time locking a source node to a
core node 1n a burst-switching network. In a related aspect,
control bursts include timing data that are exchanged between
a source node and a core node.

In accordance with a further aspect, there 1s provided a core
node having a plurality of optical switches, each optical
switch including a plurality of input ports and a plurality of
output ports, wherein said core node recerves data tratfic from
cach of a plurality of source nodes through a number of 1nput
ports of which at least one 1s operated 1n a burst mode. In a
supplementary aspect, said number of mnput ports can belong
to any number of said plurality of optical switches.

BRIEF DESCRIPTION OF THE DRAWINGS

In the figures which 1llustrate example embodiments of this
invention:

FI1G. 1 1llustrates a composite-star network for use with an
embodiment of the present invention;

FI1G. 2 1llustrates a parallel-plane optical core node for use
with an embodiment of the present invention;
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FIG. 3 illustrates an optical switch with associated master
controller and slave controller for use with an embodiment of
the present invention;

FIG. 4 1llustrates the coexistence of channel and burst
switching 1n the optical switch illustrated 1n FIG. 3 for use
with an embodiment of the present invention;

FIG. 5 illustrates the exchange of messages between an
edge node and a core node 1n the network 1llustrated in FIG.
1 for burst-schedule generation, according to an embodiment
of the present invention;

FIG. 6 1illustrates the exchange of messages between an
edge node and a core node 1n the network 1llustrated in FIG.
1 for burst-schedule generation, according to an embodiment
of the present invention;

FIG. 7 illustrates the exchange of messages between two
edge nodes and a core node 1n the network illustrated 1n FIG.
1 for burst-schedule generation, according to an embodiment
of the present invention;

FIG. 8 illustrates the dependence of a preferred burst size
on a bitrate allocation of a respective burst-stream, according
to an embodiment of the present invention;

FIG. 9 1s an example of preferred burst-sizes correspond-
ing to different bitrate allocations, according to an embodi-
ment of the present invention;

FIG. 10 illustrates two upstream burst sequences sent by an
edge node, the first sequence 1s sent under normal conditions
and the second sequence 1s sent during a time-locking recov-
ery phase, 1n accordance with one of the embodiments of the
present invention;

FIG. 11 1llustrates two main control elements, specifically
a time-locking circuit and a master burst scheduler, within the
master controller of an optical space switch, according to an
embodiment of the present invention;

FIG. 12 1llustrates a time-counter period, a reconfiguration
period, and a schedule period, according to an embodiment of
the present invention;

FIG. 13 1llustrates an upstream control burst, according to
an embodiment of the present invention;

FIG. 14 illustrates a downstream control burst, according,
to an embodiment of the present invention;

FIG. 15 1s a flow chart illustrating the main steps of time-
locking recovery, in accordance with one of the embodiments
ol the present invention;

FIG. 16 1llustrates an alternative arrangement for imitiating

and recovering time-locking between edge nodes and an opti-
cal switch 1n a core node, in accordance with one of the
embodiments of the present invention;

FIG. 17 illustrates an implementation of the arrangement
of FIG. 16;

FIG. 18 illustrates the temporal arrangement of upstream
and downstream control bursts 1n optical channels, according
to an embodiment of the present invention;

FIG. 19 illustrates the relative position of a timing control
burst within a time-counter cycle, according to an embodi-
ment of the present invention;

FIG. 20 illustrates an optical node having four optical
switches where some nput ports 1n each optical switch are
operated 1n a channel-switching mode and others are operated
in a burst-switching mode, according to an embodiment of the
present invention;

FIG. 21 1llustrates a device for generating burst descriptors
ol bitrate-regulated burst streams associated with a plurality
ol source nodes for use with an embodiment of the present
invention;

FIG. 22 illustrates a master burst scheduler, including a
burst-scheduling kernel, a burst-descriptor memory, an input-
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state memory, an output-state memory, and a permits buffer,
according to an embodiment of the present invention;

FIG. 23 illustrates an enhanced master burst scheduler
where several burst-descriptor memories and several output-
state memories are used to speed-up the scheduling process,
according to an embodiment of the present invention;

FI1G. 24 1llustrates further details of the enhanced master
burst scheduler of F1G. 23, according to an embodiment of the
present invention;

FI1G. 235 1llustrates input-state and output-state arrays for
use with an embodiment of the present invention;

FI1G. 26 1llustrates a method for scaling a burst scheduler, in
accordance with an embodiment of the present invention;

FI1G. 27 illustrates an alternative method for scaling a burst
scheduler, 1n accordance with an embodiment of the present
imnvention;

FI1G. 28 illustrates front-end burst scheduling (FIG. 28a)
and trailing-end burst scheduling (FI1G. 285) 1n a time-slotted
frame for use with an embodiment of the present invention;

FI1G. 29 illustrates a source node and a sink node for use
with an embodiment of the present invention;

FI1G. 30 illustrates an edge node comprising a source node
and a sink node that share a common switching fabric for use
with an embodiment of the present invention;

FI1G. 31 1llustrates an apparatus for burst formation, includ-
ing an enqueueing controller, a dequeueing controller,
memory devices, and a burst-transier scheduler for use with
an embodiment of the present invention;

FI1G. 32 1llustrates the organization of the memory devices
of FIG. 31;

FI1G. 33 is a tlow chart describing the functional steps of
packet concatenation at an output port of a source node to
form data bursts for use with an embodiment of the present
invention;

FIG. 34 1s a flow chart showing the steps leading to the
transier of bursts from a source node for use with an embodi-
ment of the present invention;

DETAILED DESCRIPTION

A star network’s main attraction 1s 1ts high performance
and simplicity of control. However, 1t 1s suitable only for
limited geographic or topological coverage. A composite star
network 100, illustrated 1n FIG. 1, may be viewed as a super-
position of several star networks which are merged only at the
edge nodes 120 while the core nodes 140 can be widely
distributed and independent. An edge node 120 comprises a
source node 120A and an associated sink node 120-B. Here-
inafter, reference to an edge node 120 also implies reference
to the source node 120A and the sink node 120B that consti-
tute the edge node 120. Similarly, reference to a source node
120A or a sink node 120B implies reference to the edge node
120 to which either belongs. The core nodes 140 of a com-
posite-star network are not connected to each other. The com-
posite-star network 100 retains the attractive properties of a
star network while providing a wide geographic and topologi-
cal coverage. The composite-star network 100 will be used
for the purpose of describing embodiments of the present
ivention. A star network 1s treated as a component of a
composite-star network. Unless otherwise stated, reference to
a connection from a source node to a sink node excludes an
internal connection within an edge node, 1.¢., from a source
node to 1ts associated sink node. Hereinafter, an upstream
data burst 1s defined as a burst sent from a source node to a
core node, and a downstream data burst 1s a burst sent from a
core node to a sink node. Likewise, the flow of data bursts
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from a source node to a core node 1s called a burst upstream
and the flow of data bursts from a core node to a sink node 1s
called a burst downstream.

Hereinatter, any two edge nodes are said to constitute a
node pair. A node pair 1s directed so that data traffic flows
from the source node 120 A of a first edge node 120 to the sink
node 120B of a second edge node. The term node-pair traffic
refers to the total traific demand, expressed in bits per second,
that a first edge node (source node) intends to transfer to a
second edge node (sink node). A burst stream 1s defined by a
source node 120A, a sink node 120B, and a path from said
source node 120A to said sink node 120B. A burst stream,
from a source node to a sink node comprises a burst upstream
and a burst downstream. Where the burst tratfic from a source
node 120A of a first edge node 120 1s transferred to a sink
node 120B of a second edge node 120B through two or more
paths, each of said two or more paths defines a separate burst
stream. The node-pair burst traffic from a source node 120A
to a sink node 120B can be divided into multiple burst streams
due to the vacancy distribution 1n a plurality of paths or if the
bitrate requirement of said burst traffic exceeds the capacity
of a single path.

Each burst stream may comprise several individual con-
nections of different bitrate requirements. Each connection 1s
defined by a data source served by a source node 120A and a
data sink served by a sink node 120B. The connections within
a bust stream may have distinctly different bitrate and service
requirements.

The spectral capacity (the bandwidth) of an optical fiber
link can be divided into channels each corresponding to a
modulated carrier wavelength. For brevity, a carrier wave-
length 1s often referenced simply as a wavelength. A channel
may have a capacity of 10 Gb/s for example. A modulated
wavelength gives rise to a channel. A channel occupies a
spectral band, however, 1t 1s customary to also refer to a
channel simply as a wavelength.

The preferred core node 140 of a composite-star network
100 comprises parallel space switches 220, as 1llustrated 1n
FIG. 2. A space switch 220 has a bufferless fabric which may
be electronic or photonic. The core node 140 switches chan-
nels of upstream WDM links 210 to channels of downstream
WDM links 230. Each optical switch 220 1s operated to
switch channels of the same wavelength. A data burst from a
source node 120A to a sink node 120B may be transierred
through any optical switch 220 1n any core node 140 connect-
ing the source node to the sink node. Hereinafter, the terms
optical switch and optical space switch are used interchange-
ably.

It 1s noted that conventional WDM demultiplexers 212 and
WDM multiplexers 226 need be used at the input and output
of each multi-plane corenode. They are not further described,
their use being well-known 1n the art.

There are several core nodes 140 1n the network of FIG. 1,
and the core nodes operate totally independently. The parallel
optical switches 220 in the core node 140 of FIG. 2 also
operate 1ndependently. Initially, each source node 120A
selects at least one of the core nodes 140 through which traffic
destined to a given sink node 120B 1s routed. To select a path
to a destination sink node 120B, a source node 120A selects
a core node for a connection in such a way that promotes load
balancing while taking 1nto account the propagation delay of
the path. A composite index calculated as a function of both a
path vacancy and the path’s propagation delay can be used to
distribute the traffic load.

The traffic directed to a specific sink node 120B may be
carried by any of the channels of the multi-channel link 210
(WDM fiber link) from the source node 120A to the selected
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core node 140. A load-balancing algorithm to balance the
traific load among the links 210 and 230 can be used to
increase the throughput. Successive bursts to the same sink
node 120B may use different channels (different wave-
lengths), and hence be switched 1n different optical switches
220 1n a core node 140. It 1s preferable, however, to distribute
burst-switched connections evenly among optical switches
220 of an optical core node 140 1n such a way that the bursts
of each connection use the same optical switch 220.

In a prior art burst-scheduling process, a controller of an
optical switch recerves burst descriptor from the source nodes
and schedules the burst switching times. In a distinct depar-
ture, according to an embodiment of the present invention, the
burst descriptors are generated by a master controller 240 of
an optical switch 220, the switching times of the correspond-
ing bursts are scheduled, and edge-node-specific burst-trans-
fer permits are distributed to the respective edge nodes 120.
The burst-descriptor generation 1s based on burst-stream
bitrate-allocation defined by the source nodes 120A. A source
node 120A determines the bitrate requirement for burst
streams ei1ther according to explicit specification by the tratfic
sources or by an adaptive means based on monitoring usage
and/or observing the occupancy fluctuation of data burst buil-
ers.

FI1G. 3 1llustrates a space switch having N mput ports 314
and N output ports 384, N>1. This represents one of the
optical switches 220 of the multiple-plane optical core node
140 of FIG. 2. Each mput port 314 has a recerver and each
output port 384 has a transmitter. The input ports 314 receive
data from source nodes (not illustrated) through mmcoming
WDM links 210, which are demultiplexed into channels 214,
and the output ports 384 transmit data to sink nodes (not
illustrated) through channels 224. The interconnection of
input ports 314 to output ports 384 1s effected by a slave
controller 250 associated with the optical switch 220. A mas-
ter controller 240 determines the connectivity pattern of input
ports 314 to output ports 384 and communicates the connec-
tivity pattern to a slave controller 250. Each source node
120A has at least one time counter and the master controller
240 has a master time counter. All time counters have the
same period of the master time counter. Both the master
controller 240 and slave controller 250 are predominantly
hardware operated to realize high-speed control. In a core
node 140 having several optical switches 220, as 1llustrated in
FIG. 2, preferably each optical switch should have 1ts own
master controller 240 and slave controller 250. Also, as will
be described later with reference to time-locking require-
ments, a source node 120A may be time-locked separately to
cach of the plurality of optical switches 220, because of the
different propagation delays experienced by channels of dii-
terent wavelengths 1n a link 210 connecting a source node
120A to a core node 140.

Each mput port 314 has a recerver operable to recerve an
optical signal from an optical channel and each output port
384 has a transmitter which 1s operable to transmait an optical
signal through an optical channel. The N input ports 314 of an
optical switch 220 can simultaneously recetrve N optical sig-
nals and the N output ports 384 of an optical switch 220 can
simultaneously transmit N optical signals.

The optical switch 220 has input ports 314 labeled A, to A,
and output ports 384 labeled B, to B,, where input port A 1s
a control input port and output port B, 1s a control output port
while the rest of the ports A, to A,,;and B, to B,, are payload
ports. The master controller sends control messages to any of
output ports B, to B,, through an E/O (electrical-to-optical)
interface 316, control input port A, and the optical switch
220. The master controller recerves control messages from
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input ports A, to A,, through the optical switch 220, control
output port B, and an O/E (optical-to-electrical) interface
386.

Data bursts are recerved from any upstream link 210, each
data burst 1s destined to a specified output port Bx, 1 =x=N.
Some bursts, hereinafter called control bursts, are destined to
the master controller 240. The control bursts carried by the N
incoming channels 214 are staggered so that the master con-
troller 240 receives, through control output port B,,, the con-
tent of each control burst one at a time. The control bursts are
preferably of equal size. It 1s noted that the upstream control
bursts constitute one of the burst streams for which a bitrate 1s
allocated. A control burst 1s likely to be much shorter than a
typical payload burst.

FIG. 4 1llustrates the space switch of FIG. 3 with channel
switching applied to some pairs of input and output ports
314/384 and burst switching applied to the other input-output
pairs 314/384. The node-pair bitrate requirements recerved at
a core node 140 may have a large variance where a node pair
may require a capacity of several channels while another node
pair may require a small fraction of the capacity of a channel.
The bitrate requirements may also change considerably with
time. It 1s preferable, therefore, to establish a mixture of
channel paths and burst paths within the same optical switch
and to provide means, at respective edge nodes 120, for rap-
1dly moditying the paths’granularities, {from burst-to-channel
Or vice versa, as the traffic pattern changes. Although all input
ports 314 can be i1dentical, an input port 314 through which a
channel 1s switched to an output port 1n a unicast transfer, or
multiple output ports 1n a multicast transier, 1s called a chan-
nel-mode mput port and an input port 314 through which
individual bursts are switched to a plurality of output ports 1s
called a burst-mode mput port.

A master controller 240 of one of the optical switches 220
of a core node 140 1s designated to function as a core-node
controller 240A, 1n addition to its function as a master con-
troller for 1ts optical switch 220. The core-node controller
240A collects all the bitrate-allocation requests from all
source nodes 120A to which the core node 140 1s connected
and produces a bitrate allocation matrix, having NxN entries,
that contains all the bitrate requirements from source nodes
120A to sink nodes 120B. Each row 1n the matrix corresponds
to a source node, each column corresponds to a sink node, and
the sum of any column in the matrix must not exceed the
capacity of the paths from the core node to the corresponding
sink node. Satisiying this condition may result 1n adjusting or
rejecting some of the bitrate allocation requests as will be
described below. The selection of entries to be adjusted or
rejected 1s a matter of network-management policy.

The master controllers 240 of the optical switches 220 of a
given core node 140 are interconnected by an internal bus (not
illustrated). Each master controller 240 has at least one dual
port 221 (FIG. 2) that includes a sender and a recerver to
cnable communications with other master controllers
through said internal bus. In a given core node 140, the master
controller 240 designated as a core-node controller 240A
receives the bitrate-allocation requests from each edge node
120 that connects to the core node 140.

Each source node 120A determines the required bitrate
allocation for its traffic destined to each sink node 120A,
selects a core node 140, and sends a bitrate-allocation request
to the core-node controller 240A, of the selected core node
140, which venfies the availability or otherwise of paths
having a sufficient vacancy to accommodate the required
bitrate and sends a reply to the edge node. A path between a
source node 120A and a sink node 120B 1s defined by a

selected space switch 220 1n a selected core node 140. A
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core-node controller 240 A may divide the bitrate requirement
ol a node pair among several space switches 220 of the core
node 140. If the bit-rate allocation request i1s accepted, the
reply includes, directly or indirectly, the 1dentity of the space
switch 220 selected to define a burst stream to the destination
sink node.

The core-node controller 240A performs the function of
admission control by ensuring that the total bitrate allocation
tor each output port 384 1n each of the optical switches 220 of
the core node 140 does not exceed the capacity of the output
port 384 or the capacity of the downstream channel 224
emanating from the output port 384. The core-node controller
240A selects at least one optical switch 220 then communi-
cates bitrate allocations to respective master controllers 240.

The bitrate allocations of each master controller 240 are
used to generate burst descriptors. A burst descriptor includes
a burst size and an 1nter-burst interval. Both the burst-size and
the inter-burst interval are determined according to the
required bitrate allocation. The generated burst descriptors
are placed 1n a buller where they wait to be scheduled for
switching as will be described with reference to FIGS. 22 to
24. A scheduling algorithm 1s exercised at a master controller
240 of an optical switch 220 to determine the time at which
cach burst must be recetved at its respective iput port 1n the
optical switch 220. With time-locking, as will be described 1n
detail below, an indication of the relative time at which the
start of a burst 1s recerved at a specific port 1s 1dentical to an
indication of the relative time at which the start of the burst 1s
transmitted from the respective source node 120A. The time
schedules of the bursts over a given 1nterval, called the sched-
uling interval, are communicated to respective edge nodes
120. These are communicated 1n the form of burst-transfer
permits that are derived from the generated schedule. The
duration of the scheduling interval 1s dictated by the execu-
tion time of the scheduling algorithm used. The interval
between successive schedule computations 1s called a recon-
figuration iterval. The minimum reconfiguration interval
equals the scheduling interval. In order to reduce the process-
ing effort, as will be described later with reference to FIGS.
26 and 27, the reconfiguration interval may exceed, and pret-
erably be an integer multiple of, the scheduling interval.

FIG. 5 illustrates the message exchange between one of a
plurality of edge nodes 120 and a core node 140 1n order to
generate edge-node-specific burst-transier permits. An edge
node 120 sends a vector having N entries, N being the number
of ports of the optical switch 220, each entry corresponding to
a sink node 120B and contains a required bitrate allocation for

the aggregate burst traffic from the source node 120A to a
respective sink node 120B through a core node 140. The edge

node 120 ensures that the sum of the vector entries do not
exceed the capacity of the paths from the source node to the
core node.

The message exchange illustrated in FIG. Srelatesto a case
where the edge nodes are collocated with a core node, thus
forming a high-capacity burst-switch 1n which the propaga-
tion delays among edge nodes 120 and core nodes 140 are
negligible. Each edge node requests a bitrate allocation to
other edge nodes. A requested bitrate allocation 1s granted
only 11 paths having a suificient vacancy are found. An edge
node 120 sends a message 330 to a core node 140. The
message 530 1s embedded 1n an upstream control burst indi-
cating a required bitrate as will be described below with
reference to FI1G. 10 and FIG. 13. The core node 140 replies
with a message 540 that includes burst-transier permits to be
described below with reference to FIG. 14. Each edge-node-
specific burst-transier permit includes a burst size, a transfer
time, and a destination sink node. The reply 540 follows the
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request message 530 after a period of time that exceeds a
scheduling period 5380. The duration of the scheduling period
580 1s determined by the master controller 240 of the optical
switch 220 selected to route the burst data.

In a distributed network, the edge nodes may be geographi-
cally dispersed with varying propagation delays to the core
node. FIG. 6 illustrates a case where there 1s a significant
propagation delay between an edge node 120 and a core node
140. The edge node 120 sends new bitrate-allocation requests
530 periodically to a master controller 240 and the master
controller 240 sends burst-transfer permits 540 to the edge
node 120. The requested bitrate allocations may be modified
due to output contention at the optical switches 220. Due to
the propagation delay, the upstream control bursts and down-
stream control bursts may be concurrent as indicated i FIG.
6, where a request 330B and a reply 540A to a previous
request 530A propagate through the network simultaneously.

FIG. 7 illustrates the exchange of messages between a
master controller 240 and two edge nodes 120 1n order to
enable core reconfiguration. The need for core reconfigura-
tion 1s preferably assessed periodically. As indicated 1n FIG.
7, edge node 120 labeled E-1 sends a bitrate-request vector to
a core-node controller 240A of a core node 140. The bit-rate
request vector has one entry for each bitrate-allocation
request emanating from edge-node E-1.

As described above, the aggregate trailic for a node pair
may be divided into several burst streams, and a burst stream
may constitute several connections defined by a data source
and a data sink. A data stream may also constitute several
sub-streams distinguished by some property, such as bursti-
ness, or an attribute such as a service class. The number of
data sub-streams may exceed the number of sink nodes,
where several data sub-streams may be sent from edge node
E-1 to a single sink node. For the purpose of illustrating the
methods of the present mvention, a master controller 240
need not be aware of such a division and only the aggregate
bitrate allocation requests from edge node E-1 to each output

port 384 of the optical switch 220 need be considered.

I1 the core-node controller 240A of a core node 140 decides
to allocate a bitrate lower than the bitrate requested by anode
pair, 1t 1s the duty of the edge node 120 to determine which of
a plurality of individual connections that constitute the aggre-
gate node-pair traffic should be affected. Similarly, an edge
node E-2 sends 1ts bitrate-request vector to the master con-
troller 240.

The timing of sending the bitrate-request vectors from each
of the plurality of edge nodes (source nodes) should be coor-
dinated so that all the requests arrive at the master controller
betore the start of the reconfiguration process by a relatively
short time, as illustrated in FIG. 7. This would ensure that the
reconfiguration, 1.e., the generation of new burst-transier per-
mits, 1s conducted according to the most recent bitrate
requests. In order to realize this coordination, each edge node
(E-1, E-2, etc.) must be time-locked to the optical switch 220,
as will be detailed below 1n conjunction with FIGS. 10-13,
and the core-node controller 240A must send to each edge
node a time-counter reading at which all edge nodes should
start sending their bitrate-allocation requests.

To produce edge-node-specific burst-transier permits, the
generated burst descriptors need be scheduled. The scheduler
at a master controller 240 of an optical switch 220 in an
optical core 140 processes the bitrate allocations, as deter-
mined by the core-node controller 240A, at the beginning of
cach schedule-computation period. In order to base the sched-
ule on the most recent bitrate-allocation requests, each source
node 120A should set the time of transmitting its bitrate-
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allocation request vector so that 1t would arrive at the core
node 140 shortly (a few microseconds) before the start of the
schedule-computation period.

Burst Formation

The packet data at each output port (not i1llustrated) of a
source node are sorted 1nto queues according to destination
sink nodes and the packet data of each queue are aggregated
into bursts as will be described below with reference to FIG.
31 and FIG. 32.

A burst-formation period (burst-formation delay) 1s
defined hereinatter as the time required to assemble a burst at
a queue 1n an output port of the source node 120 A where data
1s dequeued at a speed specific to the queue. The channel-
access delay 1s the time required to transmit a burst through an
optical channel.

FIG. 8 1llustrates the relation between the preferred burst
s1ze and the bitrate of a burst stream. An upper bound 832 of
a burst size 1s selected to avoid high delay 1n accessing an
optical channel 214 from an output port of a source node
120A to an optical switch 220 in the optical core node 140.
Selecting a maximum burst duration in an optical channel of
a nominal capacity of 10 Gb/s to be 32 microseconds, for
example, yields a maximum burst size of 320 kilobits (40
kilobytes). The burst duration i1s limited in order to limit the
delay jitter. At a source node 120A, a burst 1s formed at an
output port (not 1llustrated) where data 1s sorted 1nto queues
cach of which corresponding to a destination sink node. With
a combined bitrate of all data at an output port of 10 Gb/s, for
example, the bitrate allocation for a specific queue may vary
between zero and 10 Gb/s. For a queue allocated a bitrate of
r bits/second, a burst size b, would require a burst formation
period, d=b/r. With b=320,000 bits and r=1 megabits/second,
the burst-formation period would be 320 milliseconds, which
1s considered excessive. If the permissible maximum burst
formation period, hereinafter denoted D, 1s selected to be 1
millisecond, then the burst size, b, should not exceed 1000
bits (b=rxD,). With a 10 Gb/s optical channel 214, the chan-
nel-access duration of a 1000-bit burst 1s only 0.1 microsec-
onds, which may be too small considering the switching
latency within the optical switch 220 and potential timing
imperfection in the process of time-coordination of a source
node 120A and an optical switch 220, as will be described 1n
more detail below. A more appropriate minimum burst size
822 would be 10 kilobits, which corresponds to a channel-
access duration of one microsecond, for a 10 Gb/s channel.
Selecting an upper bound of the burst-formation period to be
one millisecond, the burst size for a burst stream allocated 8
Gb/s, for example, would be limited to b=8 megabits. This
corresponds to a channel-access duration of 800 microsec-
onds, for channel speed of 10 Gb/s. Such a high channel-
access duration may result 1in delay jitter, as 1s well known
from simple queueing analysis.

The selection of the upper bound D, of burst-formation
delay can be determined according to a specified class of
service. For example, the value of D, may be 10 milliseconds
for a delay-tolerant burst stream but 0.5 milliseconds for a
delay-sensitive burst stream. The value of D, intfluences the
selection of burst-size as described above.

Thus, the minimum burst size 822 should be selected so
that a burst’s optical-channel access duration 1s larger than a
threshold D,, which 1s selected to be an order of magnitude
larger than the sum of switching latency in the optical switch
220 and timing error where a signal arrival time deviates from
a designated arrival time at a core node. The selection ol D, 1s
also intluenced by the need to reduce processing etlort. The
maximum burst size should be selected so as not to result in
exceeding a specified upper bound, D, of the optical-channel
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access duration, or an upper bound, D, of the burst-formation
period. A reasonable value for D, would be 32 microseconds.
It 1s noted that D, 1s allowed to be much higher than D,
because the formation delay of a burst does not affect other
bursts while a large D, causes delay jitter to subsequent
bursts. Delay jitter occurs when a burst waiting in a queue at
an mput of a channel has to wait for a large period of time for
another burst accessing the channel. FIG. 8 indicates the
preferable burst sizes for two cases 826 A and 826B where in
one case, 826 A, the upper bound, D,, of the burst-formation
period 1s assigned one millisecond and in the other case,
8268, 1t 1s assigned two milliseconds, with D,=1 microsec-
ond and D,=8 microseconds in both cases. A large burst-
formation period generally increases the mean burst size, and,
hence, increases the butler-size requirement at a source node.
On the other hand, a large mean burst size reduces the trans-
port overhead and the processing effort.

In summary, at a source node 120A, a burst size has a lower
limit 822 determined by a prescribed minimum burst duration
D, 1n the optical channel connecting the source node to the
core node, and an upper limit 832 determined by either a
permissible burst-formation delay D, or a permissible maxi-
mum burst duration D, 1n the optical channel connecting a
source node to the core node.

Denoting the lower-bound and upper-bound of the burst
s1ze, b, as B, and B, respectively, 1.e., B, =b=B,, then B,=Rx
D,, B,=RxD, and the allocated bitrate r for a burst stream
must exceed a lower bound: r=ZRxD,/D,, R being the channel
capacity in bits per second.

Consider, for example the case where R=10 Gb/s, D, =1
millisecond, D,=1 microsecond, D,=32 microseconds, and a
specified r=1 Mb/s. The value of r must be selected to be at
least equal to RxD,/D,=10 Mb/s. Thus, to meet the formation
delay upper bound, a queue can not be served at a bitrate less
than 10 Mb/s. If the value of D,, 1s set equal to 10 milliseconds
instead of 1 millisecond, then a value of =1 Mb/s would be
permissible. The permissible burst size then lies between 10
kilobits and 320 kilobaits.

FIG. 9 1llustrates an example of burst-size calculation. The
bitrate-allocation requirements are represented by an NxN
matrix, N being the number of edge nodes 120. The computed
burst sizes are represented by an NxN matrnx. Corresponding
sub-matrices are 1illustrated in FIG. 9. The sub-matrix 920
containing bitrate allocations 922 for a subset of node pairs
shows a wide variance of bitrate-allocation requests, with
values ranging from 2 Mb/sto 3218 Mb/s. In this example, the
permissible burst-formation delay D, 1s set equal to 2 milli-
seconds, the minimum burst duration, D,, and a maximum
burst duration, D,, are set at 1.6 and 32 microseconds, respec-
tively, and the capacity (speed) of the optical channel 1s 10
Gb/s. This results 1n a minimum burst size B, of 2 kilobytes
and a maximum burst size B, 0140 Kilobytes. It 1s noted that,
under the constraint of the maximum burst formation delay of
2 milliseconds, a bitrate of 2 Mb/s would result 1n a burst size
of only 500 bytes and a bitrate of 3218 Mb/s would result 1n
a burst size of about 800 Kilobytes. With the D, and D,
constraints, these sizes are adjusted to 2 kilobytes and 40
kilobytes respectively. The burst sizes corresponding to the
bitrate allocations of sub-matrix 920 are given in sub-matrix
980.

Time-Locking 1n a Burst-Switching Composite-Star Net-
work

In a wide-coverage network comprising electronic edge
nodes interconnected by builerless core nodes, where each
edge node comprises a source node and a sink node, both
sharing an edge-node controller and having means for data
storage and managing data butfers, the transfer of data bursts
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from source nodes to sink nodes via the core nodes requires
precise time coordination to prevent contention at the butfer-
less core nodes. A core node preferably comprises a plurality
ol optical switches each of which may switch entire channels
or individual bursts.

As described earlier, a first node X 1s said to be time locked

to a second node Y along a given path, 1, at any instant of
time, the reading of a time-counter at node X equals the sum
of a reading of an identical time-counter at node Y and the
propagation time, normalized to the time-counter period,
along the given path from node X to node Y, where the time
counters atnodes X and Y have the same period. There may be
several paths connecting the first node to the second node, and
the paths may be defined by individual wavelengths 1n a fiber
link or several fiber links. Due to the difference in propagation
delays of different paths connecting the same node patir, time
locking may be realized for the different paths individually.
Due to dispersion, time locking of individual paths may be
required even for paths defined by wavelengths 1n the same
fiber link. When a first node 1s time locked to a second node
along a given path, said given path is said to be time-locked.

In order to be able to switch bursts arriving at a core node
140 from different source nodes 120 A having different propa-
gation delays to the core nodes, without contention or the
need for burst storage at the core node 140, the edge nodes
120 must be time-locked to each optical switch 220 at a core
node 140. A time-locking technique, also called time-coordi-

nation, 1s described in applicant’s U.S. patent application Ser.
No. 09/286,431, filed on Apr. 6, 1999, and titled SELF-CON-

FIGURING DISTRIBUTED SWITCH, the specification of
which 1s incorporated herein by reference. With time locking,
the scheduling method 1n accordance with the present mven-
tion guarantees that bursts arrive to already free respective
input-output ports of the optical switch 220. The time-locking
in application Ser. No. 09/286,431 referenced above uses
pre-assigned optical channels. In the present application, the
method 1s adapted to burst-switching mode.

Each source node has at least one time counter and each
core node has at least one time counter. All time counters have
the same period and time-coordination can be realized
through an exchange of time-counter readings between each
source node and its adjacent core node, 1.€., the core node to
which the source node 1s connected. The time-counter read-
ings are carried 1n-band, alongside payload data bursts des-
tined to sink nodes, and each must be timed to arrive at a
corresponding core node during a designated time interval.
The difficulty of securing time-coordination arises from two
interdependent requirements. The first 1s that communicating
a time-counter reading from a controller of a source nodeto a
controller of a core node requires that the source node be
time-locked to the core node, and the second 1s that time-
locking a source node to a core node necessitates that a
controller of the core node be able to receive a time-counter
reading from the source-node controller during a designated
interval of time. To 1nitiate or restore time locking, a second-
ary mechanism 1s therefore required for directing upstream
signals received from source nodes toward said master con-
troller.

In a network where the edge nodes 120 and the core nodes
140 are collocated 1n a relatively small area, the propagation
delay between any edge node 120 and a core node 140 can be
substantially equalized, by equalizing the lengths of fiber
links for example. In a network of wide geographic coverage,
cach edge node must adaptively time lock to the core nodes to
which 1t connects. Time locking enables conflict-free switch-
ing at a butlerless core node 140 of data bursts transmitted by
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a plurality of edge nodes 120 having widely varying propa-
gation delays to the bullferless core node 140.

FIG. 10 illustrates a burst stream 1012 sent by an edge node
120 under normal operation. The burst stream comprises
upstream control bursts 1020, one of which 1s indicated, and
payload data bursts 1040, generally of different sizes. The
bursts are formed by a source node 120A according to burst-
transier permits said source node recerves after a predefined
reconfiguration interval. As described with reference to FIG.
12, a new burst transfer schedule may be generated during
cach reconfiguration interval. An upstream control burst 1020
generally contains timing data as well as other control data
and 1t includes the bitrate-allocation requests 530 described
with reference to FIGS. 5 to 7. The size of the timing data
would typically be much smaller than the size of the other
control data carried by a control burst. During a time-locking
recovery phase, the edge node 120 sends only a continuous
stream 1014 of control bursts 1022. Due to loss of time
coordination, an upstream control burst is naturally shortened
because 1t includes only timing data, and the duration of an
upstream control burst would be less than half the time inter-
val designated for recerving a control burst at control output
port B,. Thus, as indicated 1n FIG. 10, a control burst 1022,
which 1s shorter than control burst 1020, can be acquired. It 1s
noted that this time-locking acquisition method allows opti-
cal signals from several input ports to be processed 1n succes-
stve time slots allocated to control bursts. During a period of
time equal to the duration of an upstream control burst 1020,
control output port B, (FIG. 3) receives and acquires at least
one complete shortened upstream control burst 1022, as 1ndi-
cated in FIG. 10 for shortened control burst 1022A.

FIG. 11 shows control components of a master controller
240. The main two components are a time-locking circuit
1160 and a master burst scheduler 1170. A control burst,
which contains timing data 1s scheduled like any other burst.
The master burst scheduler 1170 1s described below with
reference to FIGS. 21 to 24.

The master controller 240 of an optical switch 220 includes
a master time counter. The period of the master time counter
1s hereinafter called a master cycle. Each edge node also has
a time counter that has the same period of the master cycle.

The edge nodes 120 communicating with optical switch
220 1n a core node 140 are time-locked to the master time
counter of the optical switch 220. The burst-transier sched-
ules transmitted by the optical-switch master controllers 240
to the edge nodes 120 must be based on the time indication of
the master time counter. The schedule period must, therefore,
be locked to the master time counter. The selection of the
master cycle period and the schedule period are important
design choices. As described earlier, the master cycle period
exceeds the round-trip propagation delay between any two
edge nodes 120. Thus, the maximum round-trip propagation
delay dictates the master-cycle duration. In determining a
lower bound of the master cycle duration, a time period, of
one millisecond or so, would be added to the maximum
round-trip propagation delay to account for other delays
along a round-trip path. With a time counter of W bits, the
duration of the time-counter cycle is 2" multiplied by a clock
period. With W=32, and a clock period of 16 nanoseconds, for
example, the number of counter states 1s about 4.29 billions
and the time counter period 1s more than 68 seconds. This 1s
orders of magmtude higher than the round-trip propagation
delay between any two edge nodes 120.

The master controller includes a detector operative to
detect loss of time locking of any upstream optical signal and
secondary means for mitiating and recovering time locking.
In one implementation, said secondary means includes a
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device for sampling a succession of timing data delivered to
the master controller through said space switch, as will be
described with reference to FIG. 15. In another implementa-
tion, said secondary means includes a controller switch that
diverts an upstream optical signal away from said space
switch and towards the master controller, as will be described
with reference to FIGS. 16 and 17.

A time-counter cycle 1s standardized across the network
100 so that each time counter, whether 1t resides at an edge
node 120 or a core node 140, has the same wordlength (num-
ber of bits) and all are driven at the same clock rate. Some
variation of the clock rate and wordlength can be accommo-
dated.

The schedule period must exceed the duration of the long-
est burst received at a core node. In order to simplily time
coordination between a core node and an edge node, it 1s
preferable that a time-counter cycle period (master cycle
period) be an mteger multiple J of the schedule period. Fur-
thermore, 1t 1s preferable that the integer multiple J be a power
ol two.

FIG. 12 depicts a master-cycle period 1210, a reconfigu-
ration period 1220, and a schedule period 1230 for an exem-
plary case of a master-cycle period that 1s exactly four times
a reconfiguration period, and the reconfiguration period is
exactly four times the schedule period. As described above,
the master-cycle period must exceed the round-trip delay
between any two edge-nodes. Preferably, the master-cycle
period should be of the order of one second, and the recon-
figuration period 1s preferably of the order of 100 millisec-
onds. The reconfiguration period must be sufficient to com-
pute a burst-transier schedule corresponding to a designated
burst-transfer period. For an optical switch having a large
number of nodes, the computation period 580 (FIG. 5) of a
burst-transfer schedule may significantly exceed the desig-
nated schedule period. The reconfiguration period 1220
exceeds the period 580 and 1s selected to be an integer mul-
tiple, preferably a power of 2, of the designated schedule
period. For example, if the schedule period 1230 1s selected to
be 2 milliseconds and 1t 1s estimated that the computation
pertod 580 (FIGS. 5to 7)1s 11 malliseconds, 1.e., 5.5 times the
schedule period, then the reconfiguration period 1220 must be
selected to be at least 12 milliseconds and the preferred recon-
figuration period 1s 16 milliseconds (8 times the schedule
period). Time alignment of the schedule cycle and the master
cycle 1s essential as indicated 1n FIG. 12. The number of
schedule periods per reconfiguration period and the number
of reconfiguration periods per master-cycle period are design
options.

The alignment of the reconfiguration cycles with the mas-
ter cycle 1s realized by selecting the master-cycle period to be
an integer multiple of the reconfiguration period. The align-
ment 1s further simplified if said integer multiple 1s a power of
2. For example, 1f the period of the master cycle 1s represented
by W bits and the reconfiguration period 1s represented by V
bits, V<W, then each reconfiguration cycle should start when
the least-significant V bits of the master counter become all
ZEros.

Each output port of a source node 120 A has a time counter,
and the time counters of the output ports of a given source
node 120A are independently time locked to respective opti-
cal switches 220 and, hence, may have different readings at
any 1nstant of time. Thus, the start time of a time counter 1n a
source node 120A 1s output-port specific and adapts to an
associated space switch 220. All time counters 1n the entire
network 100 have the same period.

An upstream control burst 1020 sent from an output port of
a source node 120A to an optical switch 220 1s 1llustrated 1n
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FIG. 13. The upstream control burst 1020 may have several
purposes such as conveying timing data and bitrate allocation
requests. The upstream control burst 1020 includes a conven-
tional preamble 1302, typically of several bytes, to be used for
message 1dentification and acquisition, followed a field 1304
that defines the purpose of the burst 1020. Field 1304 1s
preferably 4-bit wide, thus 1dentifying 16 different functions
of the upstream control burst 1020. Field 1306 contains a
cyclic serial number which can be used for verification and
turther control functions. This 1s followed by a field 1308
indicating the size of the control burst. Field 1308 indicates
the number K of subsequent bitrate-allocation requests
included within the upstream control burst 1020, each bitrate
allocation request corresponds to a sink node 120B. Record
1310 has two fields 1312 and 1314. Field 1312 1s an identifier
ol an output port of the source node. This would normally be
the output port number in the respective source node 120A
that formed the upstream control burst 1020. Field 1314 1s a
time measurement determined as the reading of the time
counter of the output port of the source node from which the
upstream control burst 1020 1s sent to the optical switch 220.
The K bitrate-allocation requirements are organized 1in
records 530 (see FIGS. §, 6, and 7), where each record 530
corresponds to a destination sink node 120B. Each record 530
contains three fields. A field 1322 contains an 1dentifier of a
destination sink node 120B, a field 1324 indicates a new
bitrate-allocation requirement corresponding to the destina-
tion 1ndicated 1n field 1322, and a field 1326 indicates a class
of service. The destination 1dentifier in field 1322 may either
be associated with a current bitrate-allocation request or be
defining a new one. The bitrate allocation requests 330 are
processed by a core-node controller 240A of a core node. An
upstream control burst 1020 that carries bitrate-allocation
requests 530 from a source node 120A 1s preferably sent
directly to a core-node controller 240A. However, it can be
sent to the master controller 240 of any optical switch 220 of
the core node 140 because all the master controllers 240 of a
core node 140, including the one functioning as a core-node
controller 240A, are interconnected.

Each upstream control burst 1020 or 1022 must include
fields 1302, 1308, 1312, and 1314. An upstream control burst
1020 that 1s also used for bitrate allocations, and preferably
communicated directly to a core-node controller 240A of a
core node 140, includes a number of bitrate allocation
requests 530. As described earlier, each of the optical
switches 220 of a core node 140 has a master controller 240
and a designated master controller functions as a core-node
controller 240A and performs the bitrate-allocation control
for all the space switches 220 of the core node 140. Each
master controller 240 has a means for recording the reading of
its own time-counter at the instant at which 1t receives an
upstream control burst 1020 or 1022.

FI1G. 14 shows a format of a downstream control burst 1400
that a master controller 240 sends to a sink node 120B in
response to an upstream control burst 1020. The first field
1442 1s a conventional preamble. Field 1446, preferably 4-bit
wide, defines the function of the downstream control burst
1400 which may carry timing data and burst-transier permits,
among other control data. The field 1448 indicates the num-
ber L of scheduled bursts reported in the downstream control
burst 1400. A record 1450 contains a timing response that has
at least three fields. The first field, 1452, contains an 1dentifier
of an output port of the source node associated with the
upstream control burst 1020. The second field, 1433 contains
the schedule-period number associated with the control burst
1020. The third field 1454 contains the time at which the

upstream control burst 1020 was recerved at the master con-
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troller 240 of optical switch 220. Each of the L records 540
(FIGS. 5, 6, and 7) has three fields. The first field 1472
indicates a burst start time relative to the schedule period. The
second field 1474 indicates the burst length. The third field
1476 indicates the burst destination sink node 120B. A fourth
ficld 1478 1s optional and may be used to indicate to an edge
node 120 receiving a downstream control burst 1400 an 1den-
tifier of an optical switch 220 to which a burst is to be directed.
Note that there 1s a one-to-one correspondence between an
optical switch 220 and a port of the edge node 120. Field 1478
1s optional because a controller of an edge node 120 receiving
the downstream control burst 1400 can associate the input
port at which the edge node 120 receives the downstream
control burst with an optical switch 220 of a core node 140.
Node-Pair Time-Locking

The time-locking process in a time-shared network 1s
described with the help of a two-node model. To realize time
locking of a first node to a second node 1n a network, the first
node 1s provided with a first controller that includes a first
time counter and the second node 1s provided with a slave
controller and a master controller that includes a master time
counter. The second node has several input ports and output
ports and the master controller 1s connected to one of the input
ports and one of the output ports. The first controller sends an
upstream control burst to an input port of said second node
during a designated time interval, said upstream control burst
including a reading of the first time counter. The upstream
control burst 1s sent 1n-band, together with payload data bursts
destined to output ports of the second nodes. The slave con-
troller must be able to direct said upstream control burst to
said master controller during a pre-scheduled time interval.
The master controller has a device for acquiring and parsing
upstream control bursts. The master controller compares the
reading of the first time counter with a reading of the master
time counter. An agreement ol the two readings, or a negli-
gible discrepancy, ascertains time alignment.

In the absence of time alignment, a time-locking recovery
procedure must be mitiated. The master controller sends a
downstream control burst to said first controller to indicate
the absence of time alignment. In response, the first node
sends a succession of upstream control bursts each including
a reading of said first time counter. Meanwhile, the slave
controller directs a sample of said upstream control bursts to
said master controller during a pre-scheduled time interval
and the master controller acquires at least one upstream con-
trol burst from said sample and sends an identifier of an
acquired upstream burst and a corresponding reading of the
master time counter to the first controller. The 1dentifier may
be a serial number of the upstream burst, or a reading of the
first time counter included in the upstream control burst. The
first controller then resets the first time counter accordingly to
restore the required time locking. During this recovery phase,
the slave controller, which controls the connectivity of input
ports to output ports of the second node, disconnects all paths
to all output ports from the 1input port of the second node that
connects to the first node.

The application of the time-locking process, described in
the above two-node model, to the network of FIG. 1 1s
described below. Each edge node 120 assumes the role of the
first node and each core node 140 assumes the role of the
second node. A core node 140 may have several optical
switches 220, and an upstream WDM link 210 from a source
node 120A may switch burst streams through more than one
optical switch 220. The source node 120A may lose 1ts time-
locking to one of the space switches 220 while still being time
locked to the remaiming space switches 220 of the core node
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Hereinatter, any mention of time-locking in a network of
clectronic edge nodes 120 and buiferless core nodes 140 each
having a plurality of space switches (optical switches) 220
implies time locking of a port of a source node 120A of an
edge node 120 to a space switch (optical switch) 220 of a core
node 140.

Each scheduled control burst recerved at an optical switch
220 corresponds to a source node 120A and the master con-
troller 240 of said optical switch 220 parses the control burst
to determine the source node and source node’s time counter
reading. In the notation used hereinafter, an edge node 120,
labeled E _, connects to an input port A, and to an output port
B_of an optical switch 220, 1=x=N. When the master con-
troller 240 determines that the edge node E_ that connects to
a port A _1s not time-locked to the optical switch, 1t instructs
the slave controller 250 to discontinue burst transier from
mput port A_(314) to all output ports (384) B, to B,. The
slave controller 250 continues to direct upstream control
bursts 1020 received at port A, to control output port B,
during designated time intervals. The master controller 240
also sends a downstream control burst 1400 through 1nput
control port A, and output port B, instructing edge node E_to
send a continuous sequence of control bursts each including a

[

reading of the time-counter of edge node E_.

During the periods scheduled for receiving, at control out-
put port B, upstream control bursts 1020 from edge node E _,
the master controller 240 reads each control burst to acquire a
time-counter reading (a time measurement) 1314 of arespec-
tive edge node. Once the time-counter reading 1314 from
edge node E _ 1s detected, the master controller 240 sends a
corresponding reading 1454 of the master time counter to
edge node E_. When the master controller 240 determines that
edge node E_ 1s time locked to the master time counter, the
master controller 240 instructs edge node E, to resume send-
ing payload data bursts starting at a predefined instant of time
in the master cycle, and the master controller also instructs the
slave controller to resume transierring data bursts from 1nput
port E_atacorresponding instant of time, typically the start of
a subsequent master cycle.

The method described above 1s 1llustrated in the block
diagram of FIG. 15, which includes the main steps of time-
locking acquisition for each edge-core node pair. The master
controller 240 receives an upstream control burst 1020 from
cach edge node 120 through control output port B, (FIG. 3) as
indicated 1n step 1510 of FIG. 15. The control burst 1s parsed
to acquire a timing message in record 1310 that includes an
identifier 1312 of an output port of an edge node 120 and the
reading 1314 of the time-counter of said edge node 120 as
indicated 1n step 1520. There 1s a one-to-one correspondence
between an output port of a source node 120A connecting to
the optical switch 220 and an mput port 314 of the optical
switch 220. There 1s also a one-to-one correspondence
between each output port 384 of the optical switch 220 and an
input port of a sink node 120B connecting to the optical
switch 220.

In step 1520, 1f the master controller 240 fails to acquire the
timing message from an input port 314, as determined 1n step
1530, 1t imtiates a time-locking recovery process and control
1s transierred to step 1532. I1 the mput port 314 1s already 1n
a recovery mode, as determined 1n step 1532, then control 1s
transierred to step 1510 to process a control burst from
another mput port 314. Otherwise, a time-locking recovery
process 1s 1nitiated. This requires executing the two main
steps 1540 and 1550 to be described below, and the input port
314 through which the burst control message 1s received 1s
marked as being 1n a recovery mode. Control 1s then trans-

terred to step 1510.
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In step 1520, 1f the master controller 240 succeeds 1n acquir-
ing the timing message, as determined 1n step 1530, then
control 1s transferred to step 1560 where the master controller
verifies the operational state of the input port 314 through
which the control burst has been recerved. If the input port 314
was operational 1 the previous verification, then nothing
need be done and control 1s transferred to step 1510. If,
however, the input port was marked as being 1n the recovery
mode, 1.e., the mput port 314 has just completed a recovery
process, then, i step 1570, the mnput port 314 1s marked as
operational and the master controller 240 also 1nstructs a
respective edge node 120, 1n step 1570, to return to normal
operation by sending payload data bursts and control bursts
according to current burst-transfer permits. In step 1580, the
master controller 240 1nstructs the slave controller 250 to
restore switching from the recovered input port 314 to control
output port B, and output ports B, to B,..

In step 1540, the master controller 240 instructs the
alfected edge node 120, 1.¢., the edge node connecting to the
alfected input port A_of the optical switch 220, to send a
continuous stream 1014 (FIG. 10) of upstream control bursts
1022, each including a cyclic serial number 1306 and a timing
message (record 1310 of FIG. 13). An upstream control burst
1022 1s a shortened form of an upstream control burst 1020.
The number K of bitrate allocation requests (FI1G. 13) 1s zero
and, hence, records 530 are omitted. The serial number can be
used to identity a corresponding reading 1314 of the time
counter of the edge node. The duration of each control bursts
should be less than half the time interval designated for
receiving a control burst as illustrated 1n FIG. 10. The affected
edge node then refrains from sending payload data bursts, 1.¢.,
bursts which would otherwise be directed to output ports B, to
B, during the recovery phase.

In step 1550, the slave controller 250 starts a recovery
process by discontinuing the transier of bursts from the
alfected mput port 314 to the output ports B, to B,. The
alfected mput port 314 1s switched to the control output port
B, during a time interval specified by the switching schedule
of space switch 220. The signal recerved at control output port
B, during the time interval designated for the attected input
port 1s now suspected to contain data other than the required
timing data. However, since the edge node 120 1s now sending,
a continuous stream 1014 of control bursts of approprate
width, the master controller 240 can acquire at least one of the
upstream control bursts 1022, determine its serial number and
the corresponding reading of the time counter of the edge
node. The master controller then replies to the affected edge
node 120, indicating the serial number of the control burst and
the reading of the master time counter at the instant the
selected control burst was acquired. Alternatively, instead of
communicating a serial number of the control burst, the reply
may include the time-counter reading recerved from the edge
node and the corresponding reading of the master time
counter of master controller 240. The edge node 120 can then
adjust 1ts time counter according to the timing data of the
reply.

An alternate method of securing and maintaining time
locking 1s to provide an access stage to the optical switch. The
access stage can divert an incoming channel directly to the
master controller 240 under certain conditions. FIG. 16 1llus-
trates an optical switch having input ports A, to A ,,and output
ports B, to B, where input port A, 1s a control input port and
output port B 1s a control output port. The master controller
240 sends downstream control bursts 1400 to any of output
ports B, to B,; through an E/O interface 316, control input
port A,, and the optical switch 220, and the master controller
240 recerves upstream control bursts 1020 from input ports
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A, to A,; through a control switch 1610, the optical switch
220, control output port B,, and an O/E 1interface 386.

The control switch 1610 has N receiving ports A, to A ,and
N sending ports 1612 connecting to N input ports of the
optical switch. The control switch 1610 also has a number,
n=N, of ports 1614 connecting to the master controller
through an O/E interface 1650. Typically n 1s much smaller
than N. The purpose of the control switch 1610 is to selec-
tively divert an optical signal recerved at any of ports A, to A,
to the master controller 240. At most n such signals can be
diverted simultaneously.

A master controller 240 of an optical switch 220 detects
loss of time locking of an edge node to the optical switch by
comparing a recerved reading of a time counter of an output
port of the edge node to the reading of a master time counter
of master controller 240. The two readings should be 1denti-
cal, or be within an acceptable deviation from each other.
When the master controller 240 determines that the source
node 120A of a signal recerved ata port A_, 1s not time-locked
to the optical switch 220, it instructs the control switch 1610
to divert the signal to one of n input ports of the master
controller. The master controller 240 reads the signal to 1den-
tify an upstream control burst 1020 and, meanwhile, 1t sends
a downstream control burst 1400 to the associated sink node
of said source node to indicate the loss of time-locking. The
downstream control burst 1400 1s sent through the E/O inter-
face 316, control input port A, the optical switch 220, and a
downstream channel 224 from output port B_. When the
time-counter reading 1314 1s detected, the master controller
240 sends the edge node E, a downstream control burst 1400
including a corresponding reading of the master time counter.
When the master controller 240 determines that the edge node
E_1s time locked to the master time counter, 1.e., when the
received reading of the time counter of the edge node equals
the reading of the master time counter, or 1s within an accept-
able tolerance, the master controller 240 instructs the control
switch 1610 to connect port A to the optical switch 220 and
communication from edge node E_ 1s restored. It 1s noted that
the signals sent on link 1630 from the master controller 240 to
a connectivity controller (not illustrated) of the collocated
control switch 1610 are electrical signals.

FIG. 17 illustrates the time-locking arrangement of FIG. 16
with a specific implementation of the control switch 1610.
The control switch 1610 includes a number, N, of 1:2 optical
switches 1720 with N outputs 1721 connecting to the input
ports ol the optical switch 220 and N outputs 1722 connecting
to ann:N selector 1740. As mentioned above, the number n of
control ports connecting directly to the master controller
would be substantially less than N. For example with N=256,
two direct control ports (n=2) would suilice. In the event that
more than n source nodes lose time-locking to the master time
counter, the recovery process described above can be applied
sequentially.

The master controller 240 of the optical switch 220 creates
a schedule for receiving control bursts from each input port.
According to the schedule, each of the source nodes 120A
sending a burst stream to one of the mput ports A, must send
control bursts at time 1nstants indicated 1n the schedule. In
order to send the control bursts precisely at the time deter-
mined from the schedule, each of the source nodes 120A
connecting to a core node 140 must be time-locked to the
specific optical switch 220 to which 1t 1s connected. Before
time locking can be achieved for a given source node 120A,
the source node sends a first timing message, indicating a
reading of its time counter, to the master controller 240 of said
specific optical switch 220, and obtains a reply message indi-
cating the corresponding time-counter reading at the master
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controller 240 at the instant of receiving the first timing mes-
sage. The reply message 1s initiated by the master controller
240 which sends a downstream message to a specific edge
node. The first timing message 1s included in an upstream
control burst 1020 and the reply message 1s included in a °
downstream control burst 1400. Time-locking 1s not required
for downstream communications because the edge node (the
sink nodes) can buifer the data 1t recerves. The downstream
message commands the edge node (the source node) to send
a time-counter reading of a respective output port of the
source node. This reading 1s basically an indication of the start
of the time-counter (the zero reading). An edge node 120
provides a time counter 1n each of 1ts output ports that connect
to core nodes 140. Referring to FIG. 17, the master controller
240 simultaneously sets a respective 1:2 optical switch 1720
and the optical selector 1740 so that the optical signal
received from the source node 1s directed to an auxiliary port
1780 of the master controller 240. The optical signal is first
converted to the electrical domain 1 O/E unit 1750 and the »g
clectrical signal 1s parsed to obtain the required timing data.
Once the master controller 240 receives the timing data, 1t
replies with the corresponding master time-counter reading,
1454 within a downstream control burst 1400. The time-
counter at a corresponding output port of the source node 1s 25
adjusted accordingly and time-locking 1s then realized. With
n=1, for example, and when several source nodes are not
time-locked to an optical switch 220 of a core node 140, the

time-locking process just described 1s executed sequentially,
one source node at a time. 30

FIG. 18 1llustrates the required spacing of the upstream
control bursts 1020 recerved at the N ports of an optical switch
220 so that control output port B, recetves one control burst at
a time. The spacing of upstream control bursts 1s required to
ensure that there 1s no contention in accessing the master 35
controller through control output port B, (FIG. 3). Down-
stream control bursts 1400 are naturally spaced because they
are switched from a control input port A, to output ports B, to
B.; 1n consecutive time intervals. Because upstream control
bursts 1020 carry control data of a predefined format, as 40
indicated 1n FIG. 13, the upstream control bursts 1020, for
different edge nodes, are preferably of the same size. Simi-
larly, the downstream control bursts 1400 are preferably of
the same size. This size uniformity facilitates the scheduling
of the control bursts. It 1s emphasized that all schedules are 45
produced, 1n the form of edge-node-specific burst-transier
permits 540 (FIG. 14), by the master controller 240 of the
optical switch 220.

FIG. 19 illustrates the positioning of the control bursts
within the scheduling cycles. To facilitate the scheduling, s0
cach control burst 1s placed at corresponding cyclic times 1n
consecutive scheduling cycles. Only one timing control-burst
1s normally required per time-counter cycle (master cycle).
Any of the scheduling cycles within the master cycle may
contain the timing control burst. A case where each recon- 55
figuration period 1220 equals a schedule period 1230 (FIG.
12) and a time-counter cycle (master cycle) period 1210
includes eight scheduling periods, and where the fifth sched-
ule period within a master cycle period contains a control
burst 1020 that includes timing data, 1s indicated in FIG. 19. 60
The control bursts in the remaining scheduling cycles are
used for communicating control data between the edge-node
controllers (not 1llustrated) and the master controller 240 of
the optical switch 220. The reconfiguration period, in this
example, 1s represented by V bits, the reconfiguration period 65
equals the schedule period, and the master cycle period 1s
represented by W bits, with W-V=3. The duration of the
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schedule period is 2" clock periods and the duration of the
master cycle is 2% clock periods.

FIG. 20 1illustrates a core node 140 having four optical
switches 220 where some mput ports i each optical switch
220 operate 1n a channel-switching mode and the remaining
input ports operate 1n a burst-switching mode. An mcoming
fiber link 210 carries four wavelengths that are demultiplexed
and carried by internal fiber links 2012/2014 to input ports
314 of the optical switches 220. Two of the four wavelengths,
referenced as 2014, are channel-switched to corresponding
output ports of respective optical switches 220 and the other
two wavelengths, referenced as 2012, carry data bursts that
are individually switched to arbitrary output ports of respec-
tive optical switches 220, said arbitrary output ports exclud-
ing output ports that recerve switched channels. When the
channel-switched connections are evenly distributed among
the optical switches, the burst-scheduling computational
cifort 1s evenly distributed among the master controllers 240
of the optical switches 220.

Each burst-mode mput port switches a succession of data
bursts to several output ports. A channel-mode input port
switches a succession of data units of any format to a single
output port 1n a unicast connection, or to several designated
output ports 1n a multicast connection. Basically, a channel 1s
set up and retained for an extended period of time. Channel
scheduling 1n the arrangement of FIG. 20 1s preferably per-
formed according to a packing process where the search for
an optical switch 220 that can accommodate a required path
starts from the same optical switch 220 1n a core node 140. It
1s known that such a packing discipline increases network
utilization by increasing the opportunity of matching a free
input channel 2014 1n an upstream link 210 to a free output
channel 2050 in a multi-channel link 230. In contrast, burst-
mode connections are preferably allocated equitably among
the optical switches 220 of each core node 140. The reason 1s
that the bottleneck 1n burst switching can be the burst-sched-
uling effort. While packing increases utilization, it also
increases the scheduling effort. The scheduling effort 1s, how-
ever, relatively insignificant in channel switching 1n compari-
son with burst switching. The use of packing for channel
switching must be constrained, so that the number of channels
connections per optical switch 220 1s limited, to permit a
balanced distribution of burst-switched connections among
the optical switches 220 of a core node 140.

In order to enable burst switching, a time-locking process
1s applied as described with reference to FIG. 15 or FIGS. 16
and 17. Channel switching does not require time-locking 1f
the switching pattern 1s not modified frequently. Without time
locking, channel switching requires that the corresponding
source node refrain from sending data over a period of time
suificient to exchange messages with a respective optical
switch 220 and implement the switching change at the optical
switch 220. For example, 1f the switching pattern changes
every hour, then allowing an 1dle period of about 80 millisec-
onds for reconfiguration result in a relatively-low waste.
However, for adaptive channel switching, where the switch-
ing pattern changes at a relatively high rate, every 100 mailli-
seconds for example, a guard time of 80 milliseconds would
be excessive and a guard time of only a few microseconds
would be permissible between successive switching changes.
Scheduling switching-pattern changes with a small guard
time requires that the edge nodes be time-locked to the optical
space switches 220 to which they are connected.

Due to the varying propagation speeds for different wave-
lengths, the propagation delay difference between wave-
lengths within the same WDM link may be significant and
strict time locking would be required for each wavelength that
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1s switched at a burst-mode port 1n an optical switch 220.
Time-locking of a single wavelength channel 1s enabled by

upstream control bursts 1020 (FI1G. 13) and downstream con-
trol burst 1400 (FI1G. 14). This applies only to channels 2012
which operate 1n the burst-switching mode. A wavelength
channel that 1s switched 1n 1ts entirety 1n an optical switch 220
of core node 140 can not access the master controller of the
optical switch 220 and hence can not acquire precise time-
locking. Relaxed time-locking can, however, be realized by
association with other precisely time-locked channels. Thus,
a guard time at least equal to the difference in propagation
delay between any two wavelengths may be applied between
successive changes of the channel-switching pattern at the
optical switch 220. For example, link 210 1n FIG. 20 carries
two channels, referenced as 2012, that lead to burst-mode
input ports of optical switches 220A and two channels, ret-
erenced as 2014, to optical switches 220B. The output ports of
a source node 120A from which link 210 emanates can be
precisely time locked to optical switches 220A. If 1t 15 esti-
mated that the maximum differential propagation delay of the
channels within link 210 1s 2 microseconds, for example, then
an adaptive reconfiguration of any of optical switches 2208
requires an 1dle period of only 2 microseconds. Thus, this
associative time-locking can significantly reduce the idle
period between successive reconfigurations.

Periodic Burst-Schedule Generation

Applicant’s U.S. patent application Ser. No. 09/750,071,
filed on Dec. 29, 2000, and titled “Burst Switching 1n a
High-Capacity Network™, describes a burst-switching net-
work wherein source nodes request connections to be estab-
lished through an optical switch and, at a master controller of
the optical switch, the requests are compared to other such
requests so that a schedule may be established for access to
the optical switch. The schedule 1s then sent to the source
nodes as well as to a slave controller of the optical switch.
Data bursts are receirved at the optical switch at a precisely
determined instant of time that ensures that the optical switch
has already reconfigured to provide requested paths for the
individual bursts. The scheduling 1s pipelined and performed
in a manner that attempts to reduce mismatch intervals of the
occupancy states of input and output ports of the optical
switch. The method thus allows eflicient utilization of the
data network resources while ensuring virtually no data loss.

In the atorementioned method, the computation of a burst-
transier schedule takes place after the bursts are recerved at
their source nodes and their descriptors are communicated to
the master controller of the optical switch. In a network of
wide geographic coverage, the bursts may have to wait for a
significant period of time at their respective source nodes.
Thus, large butfers would be needed at the edge nodes and the
resulting delay may be excessive. Furthermore, the speed of
computing the burst-transier schedule must be sufficiently
high to handle the combined rate of receiving data bursts at
the optical switch from all source nodes connecting to the
optical switch. This requirement reduces the scalability of the
network. The method of computing the burst-transier sched-
ule according to the present ivention improves the above
method and significantly increases the scheduling capacity.

The core-node controller 240A of a core node 140 recerves
upstream control bursts 1020 (FIG. 10) from each source
node 120A. The upstream control bursts contain bitrate-allo-
cation requests (record 1310 of FIG. 13) from the source
nodes 120A. The bitrate-allocation requests recerved at the
core-node controller 240 A from the 1input ports of the optical
switch 220 are allocated to individual space switches 220 1n a
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way that ensures that none of the output ports (384) B,
1=x=N, 1s overbooked, 1.e., the combined bitrate allocation
for each sink node reached via an output port Bx of a space
switch 220 does not exceed the capacity of the downstream
channel from the output port Bx to said sink node. If the sum
ol bitrate allocations for a given output port (384) B_exceeds
its capacity, some requests must be reassigned to a different
space switch 220. Bitrate-allocation requests may be modi-
fied or even rejected.

In one embodiment, descriptors of bursts already waiting at
edge nodes are sent to a core-node controller 240A of a core
node 140 which assigns the bursts to different space switches
220 of the core node 140 and distributes the bursts to corre-
sponding burst-descriptor memories 2210 (FIGS. 23 and 24).

In another embodiment, the core-node controller 240A of a
core node 140 assigns burst streams, each having an allocated
bitrate, to individual burst controllers 240 of the space
switches 220 of the core node 140, and each master controller
240 generates burst descriptors based on said bitrates. The
bitrate-allocation requests are directed to corresponding
burst-stream generators within the master controller 240.
Each burst-stream generator generates an unconstrained
schedule of tentative burst-transier permits on the basis of the
required bitrate and the corresponding burst size as described
carlier with reference to FIG. 8. An unconstrained schedule
applies to a sequence of burst descriptors corresponding to a
single source node without coordination, for access to output
ports B_, with burst sequences generated by the remaining
source nodes. The generated burst descriptors are then
directed to respective burst-descriptor memories 2210. The
function of the master burst scheduler 1170 1s to modify the
burst timing so that output-port contention at the optical
switch 220 1s avoided.

FIG. 21 illustrates a burst-generator-bank 2100 having
multiple burst-stream generators 2120 for generating burst
descriptors of bitrate-regulated burst streams associated with
a plurality of source nodes. Each source node 120A connect-
ing to a core node 140 sends the core-node controller 240A of
said core node a vector of burst-stream descriptors, each burst
stream being associated with a destination sink node 120B. A
burst-stream descriptor includes a destination sink node, a
bitrate allocation, and a class of service 1n fields 1322, 1324,
and 1326, respectively (FIG. 13). Burst-stream generator
2120 determines a burst-descriptor for each burst 1n a burst-
stream based on the method described above with reference to
FIG. 8. In addition, burst-stream generator 2120 generates a
tentative time table for switching bursts corresponding to said
burst descriptors. The tentative time table 1s based on the
bitrate allocation for the burst stream. The method of gener-
ating the tentative time table 1s described below with refer-
ence to FIGS. 35 and 36. The tentative time tables recerved
from the plurality of burst-stream generators 2120 are multi-
plexed by multiplexer 2130 and placed in a burst-descriptor
memory 2210 for use by a master burst scheduler 1170. The
burst-descriptor memory 2210 may be a single memory or a
bank of memories, as will be described with reference to
FIGS. 22, 23, and 24.

The outputs of N burst-stream generators 2120, each asso-
ciated with an mput port 314, are multiplexed and presented
to the burst-descriptor memory 2210 of FIG. 22. The burst-
stream generators for different ports 314 (hence different
source nodes 120A) function imndependently and they need
not be time coordinated.

FIG. 22 1s a block diagram of an apparatus for burst-
schedule generation. In general, the apparatus may be used
either to schedule bursts based on burst-descriptors recerved
from source nodes 120A or to generate burst-transier permits
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based on burst descriptors generated at the master controller
240 of an optical switch 220. In the latter case, rather than
forming the bursts at the source nodes 120 A then scheduling
their transter to an optical switch 220, the process 1s reversed

where burst-transfer permits are generated at a controller of >

an optical switch 220 and distributed to a plurality of edge
nodes 120. The generation of burst-transier permits would be
based on burst stream descriptors generated by the edge nodes
120, such descriptors may include parameters such as bitrate
allocations and class of service but do not include individual
burst descriptors.

Burst-descriptors are generated for each burst stream
where each burst stream 1s allocated a bitrate. The generated
burst descriptors are stored in a burst-descriptor memory
2210. An input-state memory 2220 holds an imput-state array
having N records, each record corresponding to an input port
314 of the optical switch 220 indicates the time at which each
mput port will become Iree. Similarly, an output-state
memory 2240 holds an output-state array having N records,
cach record corresponds to an output port 384 of the optical
switch 220 and indicates the time at which each output port
384 will be free. Under control of the processing circuit 2250,
a scheduling kernel 2280 determines the switching time for
cach burst represented by a burst-descriptor waiting in the
burst-descriptor memory 2210. Each burst descriptor speci-
fies an mput port 314 and an output port 384, and the burst
switching time 1s determined as the larger of the time at which
the mput port becomes free, as read from the input-state
memory 2220, and the time at which the output port becomes
free, as read from the output-state memory 2240.

In order to maximize the utilization of the optical switch
220, and hence the utilization ol upstream optical channel 214
and downstream optical channel 224 (FIG. 2), the absolute
value of the difference between the free time of the input port
314 and the free time of the corresponding output port 384
should be minimized. The scheduling kernel 2280 can reduce
the absolute value of this difference by examining several
burst descriptors belonging to the same 1mput port and select-
ing a burst descriptor according to a prescribed criterion, such
as the minimum absolute difference.

In order to implement multiple-burst-descriptor processing,
without slowing down the scheduling process, the burst-de-
scriptor memory 2210 1s implemented as several independent
memories 2310, as illustrated in FIG. 23, each of which
storing burst descriptors related to a subset of input ports 314
of the optical switch 220. FIG. 23 illustrates the use of five
burst-descriptor memories 2310, each holding burst-descrip-
tors associated with a subset of 1nput ports 314, correspond-
ing to a subset of source nodes 120A. Each of the burst-
descriptor memories 2310 of FIG. 23 has an associated
register (not illustrated) that can hold several burst descrip-
tors, four for example. The five registers are visited cyclically.
Thus, the use of separate memories 2310 allows the schedul-
ing kernel 2280 to select several burst descriptors from each
memory and place them 1n a register so that they can be read
in parallel when a register 1s sampled by processing circuit
2250. The output-state memory 2240 may also be imple-
mented 1n several memories 2340, as indicated 1n FIG. 23, all
having 1dentical data. This allows simultaneous computation
of the absolute free-time diflerences as described above.
When a burst-descriptor 1s selected, and 1ts switching time
determined, a burst-transfer permit 1s generated and placed 1in
a permits buifer 2282. The burst descriptor 1s dequeued from
the respective burst-descriptor memory 2310 and the switch-
ing time 1s entered in a corresponding record in 1put-state
memory 2220 and 1n a corresponding record in each of the
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output-state memories 2340. The output-state memories
2340 generally have different read addresses but the same
write address.

An 1nput-state memory 2220 holds an input-state array
2520 (FIG. 25) having N records, N being the number of input
ports 314, and each record contains an indication of the
instant of time at which an 1input port 314 of a optical switch
220 would be available to transmit a burst to an output port
384 of the optical switch 220. An output-state memory 2340
holds an output-state array 2540 (FIG. 25) having N records,
cach record indicating the instant of time at which the output
port of the optical switch 220 would be available to start
receiving a burst from one of the input ports 314. In order to
reduce the time required to schedule a burst, several output-
state memories 2340 may be used for parallel reading as
described above with reference to FIG. 23. The parallel out-
put-state memories 2340 are identical, each containing the
same timing data.

The burst-transier permits placed in the permits buffer
2282 are communicated to respective edge nodes 120 via
control port A, the optical switch 220, and output ports B, to
B.; (FIG. 3). The edge nodes 120 receive burst-transier per-
mits from the master controllers 240 of several optical
switches 220 belonging to several core nodes 140, form data
bursts according to the permits they recerve, and transmit the
formulated data bursts to selected optical switches 220 of a
selected core node 140 according to the timing indicated 1n
the permits. The scheduling kernel 2280 generates a connec-
tion timetable corresponding to the permits and, after a cal-
culated period of time, submits the timetable to the slave
controller 250 (FIG. 2) which establishes a connection from
an mput port 314 to an output port 384 of a space switch 220
for each data burst precisely at the time of arrival of the data
burst. The applied delay (the calculated period of time) at the
slave controller 250 must exceed the round-trip delay
between the core node and the edge node.

The bursts generated by a burst-stream generator 2120 are
grouped 1nto burst sets, where each burst set occupies a sched-
ule period 1230 (FIG. 12). The burst scheduling Kernel 2280
performs the main scheduling task where the bursts of the
generated burst-sets are scheduled for switching from their
input ports 314 to the designated output ports 384. Contention
avoidance 1s realized with the help of the input-state array
2520 and output-state array 2540 (FIG. 25). The function of
the burst-scheduling Kernel 2280 will be described with ref-
erence to F1G. 24.

FIG. 24 illustrates a slightly different implementation of the
scheduling apparatus of FIG. 23. Each input port 314 operat-
ing 1n burst mode directs upstream control bursts 1020 to
master controller 240 through output port B,. After optical to
clectrical (O/E) conversion, the control data are received in an
clectrical form at interface 2408. The burst-scheduling device
includes a bank of independent burst-descriptor generators
2412. Each burst-descriptor generator 2412 includes a burst-
generator bank 2100, each of which 1s associated with a
burst-descriptors memory 2310. A register 2424 that can hold
a predefined number, Q, of burst descriptors 1s associated
with each memory 2310. Each of the burst-generator banks
2100 1s associated with a number of input ports of the optical
switch 220. A burst-generator bank 2100 recerves bitrate allo-
cations related to a plurality of source nodes 120A and gen-
erates a sequence ol burst-descriptors as described earlier
with reference to FIG. 21. The bitrate allocations are distrib-
uted by the core-node controller 240A to all other master
controllers 240 of the same core node 140. Recall that a
core-node controller 240A 1s one of the master controllers
240 selected to perform the added function of distributing the
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burst scheduling task among the master controllers 240 of a
core node 140. As described above, the burst-descriptors may
be determined by the source nodes 120A and placed directly
in respective burst-descriptor memories 2210/2310.

The Q burst descriptors are read sequentially from a burst-
descriptor memory 2310 and placed 1n a register 2424 that can
hold the Q descriptors for further parallel processing. This
process takes place concurrently 1n all burst-descriptor gen-
erators 2412. In an optical switch 220 that has a small number,
N, of mput ports, 32 for example, only one burst-descriptor
generator 2412 would be required. With a large number, N, of
input ports, 256 for example, the use of parallel burst-descrip-
tor generators, each handling a subset of the N mput ports
allows concurrent placement of burst descriptors in registers
2424. Burst scheduling 1s performed by circuit 2250.

A comparator 2480 receives the time at which an iput port
314 1s Iree, as read from the input-state memory 2220, and the
times at which candidate output ports 384 are free, as read
from the parallel output-state memories 2340. The compara-
tor 2480 then selects one of the output ports 384 of the optical
switch 220 and returns an identifier of the selected port, as
well as the transfer time of the corresponding burst, to pro-
cessing circuit 2250 and adder 2438, as indicated by the
symbols ‘A’ and ‘B’ 1n FIG. 24, corresponding to reference
numerals 2433 and 2435, respectively. It 1s possible that two
or more of the candidate bursts be destined for the same
output port.

The upstream control bursts 1020 include, amongst other
information, requests for moditying bitrate allocations from
cach edge node 120 connecting to a port operating 1n the burst
mode. As mentioned above, there 1s a burst-stream generator
2120 associated with each input port 314 that operates 1n the
burst mode. The bitrate-allocations recerved at interface 2408
are directed to respective burst-stream generators 2120 within
burst-generator bank 2100. Each burst-stream generator 2120
independently generates descriptors of bursts destined to out-
put ports of the optical switch and forms queues of the burst
descriptors 1n an associated memory 2310. Q>1 of burst
descriptors are dequeued from the head of each queue 1n a
memory 2310 and placed 1n a register bank 2424, and the )
burst descriptors can be read 1n parallel from each register
bank 2424. A preterred value of Q 1s 4. A large value of )
improves utilization at the expense of circuit complexity. A
cyclic selector 2414 visits each register-bank 2424 during a
specified interval of time and directs the Q burst descriptors to
processing circuit 2250 which determines the read address in
an output-state memory 2340 for each of the Q burst-descrip-
tors. The instant of time at which each of Q output ports
identified 1n the Q burst descriptors 1s free to receive data 1s
read from a respective memory 2340 and compared 1n the
comparator circuit 2480.

Comparator circuit 2480 selects the output port for which
the absolute value of the difference between the iput-port
availability time T1 and the output-port availability time T2 1s
the lowest. This selection increases the scheduler etficiency.
For example, 11 T1=12000, and four output ports correspond-
ing to four burst descriptors read from a register 2424 have
availability times of 11200, 12700, 12284, and 10020, then
the deviations from the input availability times are —800, 700,
284, and —1980. The minimum absolute deviation 1s 284 (not
—1980) and the corresponding output port 1s selected. Thus
the burst would be scheduled for transfer at time 12284 (the
larger of 12284 and 12000). If, 1n the above example, the time
T1=11500, then the deviations are -300, 1200, 784, and
—1480, and the minimum absolute deviation 1s —300. Thus,
the burst would be scheduled for transfer at time 11500 (the
larger of 11500 and 11200).
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When one of the candidate burst descriptors 1s selected, the
time at which both the input port and output port specified in
the selected burst descriptor will be available next 1s com-
puted and 1s used to overwrite corresponding current values in
the mput-state memory 2220 and the parallel output-state
memories 2340. This calculation 1s done as follows. The
comparator circuit 2480 determines the candidate output port
corresponding to the minimum absolute deviation and the
burst transier time as described above. Comparator circuit
2480 then reports the selected output to processing circuit
2250 and the corresponding burst transfer time to adder 2438.
Processing circuit 2250 has the burst duration for each of the
(Q candidate burst descriptors and it inputs the duration of the
selected burst to adder 2438. The output of adder 2438 1s the
nearest availability time of both the mnput port and output port
for the selected burst. This 1s used to update corresponding
entries 1 mput-state memory 2220 and output-state memory
2340 of FIG. 24. The descriptor of the selected burst 1s then
removed from the corresponding burst-descriptor memory
2310.

FIG. 25 illustrates the input-state and the output-state
arrays 2520 and 2540, respectively, at some intermediate
instant 1n the schedule period. As mentioned earlier, input-
state array 2520 1s stored 1n input-state memory 2220 (FIGS.
23, and 24) and output-state array 2340 1s stored 1n each
output-state memory 2340 (FIGS. 23, and 24). When a burst
1s scheduled, its termination time 1s shown at respective
entries 1n the input-state array 2520 and the output-state array
2540, as 1llustrated 1n FIG. 25. Upon burst termination, the
corresponding entries 1n the mput-state array 23520 and out-
put-state array 2540 are available for other bursts, generally
with different connections. Thus, 1t 1s possible that an entry in
the input-state array 2520 does not appear simultaneously in
the output-state array 2540.

In overview, methods of scheduling the transier of data
bursts among edge nodes, having buifering facilities, through
builerless core nodes are devised to reduce processing effort
and increase overall network efficiency. At each core node,
cach of several burst-schedulers determines, using parallel
comparisons, the proximity of available times of selected
iput ports and selected output ports indicated in a set of
candidate burst descriptors and schedules a data burst accord-
ing to said proximity. In a preferred mode of operation of a
burst-switched network, rather than sending requests to
schedule data bursts after they are received at a respective
source node, each source node determines the bitrate require-
ments for paths to each sink node and sends bitrate-allocation
requests to a selected core-node controller which computes
burst-transier permits and sends the permits to corresponding,
edge nodes. This reduces the scheduling delay while avoiding
data loss at the core node.

Routing

As described earlier, a burst stream 1s defined by 1ts source
node, sink node, and a path from the source node to the sink
node. In the network of FIG. 1, there are several paths from
cach source node to each sink node through different core
nodes 140, and there are several paths within each core node
140, each path being defined by an 1nput port 314 and an
output port 384 of a space switch 220. The capacity of a single
path equals a channel capacity, typically 10 Gigabits/second
(Gb/s).

The data to be transferred from a source node to a sink node
may have to be allocated to several paths 1f the required
capacity exceeds the capacity of a single path. Even when the
required capacity 1s less than the capacity of a single paths, the
data from a source node to a sink node may still be transported
through several paths due to contention.
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Reducing the number of paths used by each node pair
(source node to sink node) results 1n increasing the mean burst
s1ze and, hence, reducing the mean burst rate. The transport
capacity of a burst switch, 1.e., the total bitrate received at
input and released at output, 1s curtailed by the processing
capacity of its burst scheduler. A given burst scheduler can
schedule a given number of bursts per second that 1s virtually
independent of the burst sizes. Thus, increasing the mean
burst size, as described above, increases the transport capac-
ity ol a burst scheduler. To 1llustrate, consider a core node 140
having 8 space switches 220, each having N 1nput ports 314,
connecting to N upstream channels, and N output ports 384
connecting to N downstream channels, with a payload capac-
ity, excluding control overhead, of R=9.8 Gb/s for each input
or output port. The total transport capacity of the node 1s then
8xNxR. In this example, the core node 140 transiers node-
pair data of equal bitrate allocations of 200 Mb/s each. With
a burst-formation period D, of 1 millisecond (as described
with reference to FIG. 8), the burst length 1s 200 kilobits and
the burst rate per upstream channel 1s 49 kilo-bursts per sec-
ond, which 1s the rate R=9.8 Gb/s divided by the burst length
of 200 kilobits. The total burst rate per space switch 1s then
49xN kilo-bursts per second. I each bitrate allocation of 200
Mb/s 1s transierred evenly over the 8 space switches of the
core node, the mean burst s1ze would drop to 25 kilobits and
the burst rate per space switch increases to 392xN kilo-bursts
per second. If the burst scheduler 1n the master controller 240
of each space switch 220 can only schedule 10,000,000 bursts
per second, then the number N of input ports (of output ports)
would be about 200 1n the first case and 25 1n the second case.
It 1s preferable, therefore, that the core-node controller 240A
attempt to assign the data of each node pair (source node to
sink node) to the smallest number of space switches 220
within the core node 140.

As described above, a core node 140 has a plurality of
parallel space switches (optical switches) 220, each having N
input ports and N output ports, and connects at most N
upstream multi-channel (multi-wavelength) upstream links
to at most N multi-channel (multi-wavelength) downstream
links. In order to confine connections from each upstream link
to each downstream link to a small number of space switches,
the core-node controller 240A sorts the bitrate requirements
associated with each upstream link in a descending order
according to bitrate value then implements a cyclic allocation
of said requirements to corresponding paths of the space
switches 1n a manner that attempts to equalize the burst rate
per space switch. In a case where the remaining unassigned
capacity in a path 1s msuificient to accommodate a bitrate
requirement, a part of the requirement may be assigned and
the remainder of unassigned bitrate 1s retained for a subse-
quent path. The process may be applied 1teratively, with the
bitrate allocations per 1teration used as a progress indicator,
until all bitrate-allocation requirements are met or further
progress can not be made.

The scalability of the core node 140 1s determined, 1n part,
by the speed of the burst scheduling function. The scheduling
method described above requires that all registers 2424 be
visited during a period not exceeding the mean burst duration.
In each visit to a burst-descriptor memory 2210/2310, a single
burst 1s scheduled. Thus, 1n a optical switch of 256x256
capacity, with all ports operating 1n a burst-switching mode,
and with a mean burst duration of 8 microseconds for
example, a burst must be scheduled within 8/256 microsec-
onds, 1.e., about 30 nanoseconds. Note that a single scheduler
in each master controller 240 of an optical switch 220 handles
bursts from all the 256 input ports of the optical switch 220. In
order to allow more computation time per burst, the time

5

10

15

20

25

30

35

40

45

50

55

60

65

30

allocated for computing a burst-transfer schedule can be
extended to be an integer multiple m of the designated sched-
ule period. In the above example, 1 the designated period 1s
16 milliseconds, and the value of m 1s chosen to be 8, then
about 240 nanoseconds would be available to schedule a
burst. Thus, the time of computing a schedule exceeds the
real-time period covered by the schedule by a factor of m. The
schedule computation period 1s then 128 milliseconds with
m=8, and bitrate updates would be processed every 128 mul-
liseconds, 1.e., the reconfiguration period 1220 1s 128 mulli-
seconds.

In accordance with the present invention, two methods can
be used to increase the scheduler capacity. In the first method,
a schedule 1s computed, for a succession of bursts generated
over a schedule period T, every m schedule periods, where the
value of the integer m exceeds the ratio of the time required to
compute said schedule and said designated schedule period T.
As described earlier, the succession of bursts may be gener-
ated according to bitrate allocations for each burst stream to
be switched from a burst-mode mput port 314 to an output
port 384. The bitrate allocations are then refreshed periodi-
cally every mxT interval. FI1G. 26 1llustrates the generation of
a schedule for switching data bursts, over a designated sched-
ule period T, from a burst-mode mput port to an output ports.
The schedule for switching data bursts 1s used repetitively
during m consecutive period, m being an integer greater than
zero and each of said consecutive periods 1s equal to said
designated schedule period T. FIG. 26 illustrates the corre-
spondence of a schedule periods 1230 and corresponding
computation period 2630. Referring to FIGS. 12 and 26, the
reconfiguration period 1220 is at least equal to the schedule-
computation period 2630.

In the second method, illustrated in FI1G. 27, the computa-
tion period for each of said successive time intervals 1s an
integer multiple m of the interval T and m successive sched-
ules are computed concurrently using at least m scheduling
devices 1170 (FIG. 11 and FIGS. 22 to 24). The value of m
exceeds the time required to compute said schedule for each
time interval T divided by the designated time interval T. The
schedule may be computed for burst descriptors generated
according to bitrate allocations for each pair of burst-mode
input port 314 and output port 384, and the bitrate allocations
are refreshed every interval T. As illustrated in FIG. 27, the
time separation of successive schedule periods equals T. FIG.
277 1llustrates schedule periods 1230-A, 1230-B, etc., and
corresponding computation periods 2710-A, 2710-B, etc.
Referring to F1IGS. 12 and 27, the reconfiguration period 1220
1s at least equal to any of the computation periods 2710-A,
2700-B, etc., which correspond to schedule period 1230-A,
1230-B, etc.

Ifm=1, the two methods become equivalent and input-state
arrays 2520 and output-state arrays 23540 should not then be
zero-1nitialized since scheduling takes place continually 1n
the time domain. For m>1, 1in both the first method and second
method above, each 1mput-state array 2520 and each output-
state array 2540 must be zero-1nitialized because of the dis-
continuity of the scheduling process. This discontinuity
requires that the termination time of each burst be confined
within the schedule period.

To enable repetitive use of the same schedule over succes-
stve designated schedule periods, according to one embodi-
ment, front-end burst scheduling 1s used where no bursts are
scheduled for switching during the interval between T-d and
T, where T 1s the length of designated schedule period 1230
(FIG. 12 and FIG. 26 and FIG. 27), and d 1s the maximum
packet duration (32 microseconds for example). The value of
T 1s 16 milliseconds in the above example. A burst that 1s
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switched at time (T-d) or earlier, would then be completely
transierred from an imput port 314 to an output port 384 of the
optical switch 220 before the end of the designated schedule
period. The possible waste due to a partially used interval
between (1-d) and T would typically be 1nsignificant. In the
above example, the relative waste 1s less that 32/16000, 1.e.,
less than 0.002. According to another embodiment, trailing-
end burst scheduling 1s used where the comparator 2480
computes the termination time of a burst and ensures that 1t 1s
within the designated schedule period. Thus, a burst may be
scheduled after the mstant (T-d) 1f its duration 1s less than d.
FIG. 28 1llustrates front-end burst scheduling (FIG. 28a) and
trailing-end burst scheduling (FIG. 28b) over a scheduling
period T, as described above. FIG. 28q 1llustrates the instant
of time 2820, relative to the start of a schedule period 1230
(FIG. 12) beyond which no bursts are scheduled. FIG. 285
illustrates trailing-edge scheduling where a burst can be
scheduled anywhere within the schedule period 1230 as long
as 1ts termination time does not exceed the end 2830 of the
schedule period 1230.

It 1s noted that, 11 the number of ports 314/384 per space
switch 220 1s sufficiently small, and/or if the capacity per port
314/384 1s low, the core-node controller 240A of a core node
140 may divide the task of scheduling the space switches 220
of the core node among a subset of the master controllers. As
described earlier, the master controllers 240 1n a core node
140 are interconnected and, hence, can exchange computed
schedules.

Adaptive Burst Formation

In Applicant’s U.S. patent application Ser. No. 09/735,471
filed on Dec. 14, 2000 and titled “Compact Segmentation of
variable-size-packets streams,” a method 1s described for seg-
menting a data stream comprising variable-size packets, a
data stream being defined by its source node, sink node,
assigned network route, and other attributes. The segments
are ol equal si1ze and the method concatenates the packets 1n
successive segments 1n a manner that attempts to minimize
segmentation waste without undue buffering delay. The
method facilitates the construction of efficient networks
while respecting service-quality specifications. Herein, the
method 1s adapted to enable efficient formation of variable-
s1ze data bursts at an edge node 120.

FI1G. 29 illustrates a source node 120A and a sink node
120B of an edge node 120. Trailic sources (not illustrated)
send data packets of arbitrary sizes, within the restrictions of
respective protocols, such as IP4 or IP6, to the ingress ports
2910 of the source node. The data packets may be switched
through a switching fabric 2920 of the source node to output
ports 2930 interfacing with the network core nodes 140. An
incoming data packet may be transferred to an output port
2930 across the switching fabric 2920 of the source node 1n
the same format 1n which the packet 1s receirved at an ingress
port. Alternatively, the data packet may be segmented into
data blocks of equal size to simplify the design of the switch-
ing fabric 2920. This process may result in partially-filled
data segments. A partially-filled data segment 1s also called an
incomplete segment. The data packets recerved at an output
port 2930 are sorted into output queues according to destina-
tion sink node 120B. The output queues (not 1llustrated), each
corresponding to a destination sink node 120B, preferably
share a common memory within port 2930. Regardless of the
method of internal packet switching within the source node
120A, the data packets in an output queue are aggregated into
data bursts, as will be detailed below with reference to FI1G. 31
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and FIG. 32. Typically, a data burst would include a large
number of 1ndividual data packets.

Each output queue, an output queue of a source node 120A
being associated with a single destination, a destination being
a sink node 120B 1n any edge node 120, 1s allocated a bitrate
at which the queue 1s served. The allocated bitrate for each
queue 1s determined by an admission controller. The bitrate
allocations for the output queues of a given output port 2930
may vary significantly. For example, one queue may be allo-
cated a bitrate of 10 Mb/s (Megabits per second) while
another queue 1n the same output port 1s allocated 5 Gb/s
(Gigabits per second). Burst formation takes place at each
output port 2930 of the source node 120A. The selection of a
burst size has a signmificant efiect on the burst-transier pro-
cessing effort and the efficiency of links connecting the edge
nodes to the core nodes. At a given bitrate allocation, large
bursts result 1n a reduced burst-generation rate, hence less
relative header overhead and higher transport efficiency. A
low burst rate reduces the processing effort at the controllers
of the output ports 2930 of the source node 120A and, most
importantly, at the core-node master controllers 240 as
described with reference to FIG. 24.

A sink node 120B recerves data bursts at input ports 2970
and switches them 1n segmented format through switching
tabric 2940 to egress ports 2980.

Data bursts are switched to the mput ports 2970 of sink
nodes 120B through the optical core nodes 140. The bursts
received at the input ports 2970 of each sink node may be of
substantially different sizes. At each mput port 2970 of a sink
node, each recerved burst must be parsed into its constituent
individual packets and the individual packets are switched to
egress ports 2980, through the internal fabric 2940 of the sink
node, to be delivered to their intended data sinks.

As 1llustrated in FIG. 30, each source node 120A may be
paired with a sink node 120B, with which 1t shares a switch-
ing fabric 3020 and a controller (not illustrated), to form an
edge node 120. The integration of a source node with a sink
node facilitates intra-edge-node switching and closed-loop
control and management communications with the network
core. Closed-loop paths are needed to exchange certain con-
trol data between an edge node 120 and a core node 140.

As described earlier, each output port 2930 has a time
counter to enable time locking the output port to a core node.
An output port 2930 may have a bank of time counters, one
associated with each core node 140.

FIG. 31 illustrates a device 3100 for packets aggregation
into bursts. The device includes an enqueueing controller
3110, a dequeueing controller 3180, a burst-transier sched-
uler 3150, a control memory 3120, an auxiliary data memory
3130, and a principal data memory 3140. One device 3100 i1s
provided at each output port of a source node 120A.

To facilitate switching within the source-node fabric 2920
(or common fabric 3020), packets received at the ingress
ports 2910 are segmented 1n a conventional manner and the
segments are switched through the switching fabric 2920 (or
3020) of the electronic source node 120A. The data recerved
at each ingress port 2910 1s formatted into equal-size data
segments of a predetermined size G; G=128 bytes for
example. A data segment may be complete or null-padded.
However, the null padding 1s removed 1n the process of burst
formation at the output ports 2930 as will be described below.

FIG. 32 1llustrates the organization of the control memory
3120, the auxiliary data memory 3130, and the principal data
memory 3140 of FI1G. 31. Array 3230, stored 1n auxiliary data
memory 3130, has N records, N being the number of sink
nodes, each record storing an incomplete segment destined to
sink node 1, 0=3<N. Array 3240, stored 1n the principal data
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memory 3140, has a suificient number of records to store all
data ready for transferring to the plurality of sink nodes. Each
record has two fields. A first field, P(1,7) contains an identifier
of the record in which a new data segment destined to sink
node 1, 0=1<N, 1s to be written. The second field P(2.;) con-

tains a complete data segment.

There are N records 1in array 3220 stored 1n control memory
3120, each record having two fields 3212 and 3214. The first
field 3212, contains a value C (1, k) indicating the number
A(k) of data bytes 1n an incomplete segment waiting in record
k of the auxiliary array 3230, the record corresponding to
destination sink node k. The second field 3214, contains a
pointer C(2, k) to arecord in the principal array 3240 1n which
the first segment of a burst to be transterred to destination sink
node k 1s stored. It 1s noted that there can be only one incom-
plete segment waiting in memory 3130 for a given destination
sink node 120B. Therefore, the number of records 1n array
3230 need not exceed N, N being the number of destination
sink nodes as described earlier.

A complete data segment 1s directed to the principal data
memory 3140, to be placed 1n array 3240, 11 the correspond-
ing record in auxiliary array 3230 is vacant. Otherwise, the
complete data segment 1s merged with the mncomplete seg-
ment stored 1n a corresponding record in auxiliary array 3230.
This process may result in adding a complete segment, 11 any,
in the principal memory and storing the remainder, 1f any, 1n
a corresponding entry in the auxiliary memory. An imcom-
plete new segment 1s always merged with the content of the
auxiliary memory, and the merged data 1s divided into a
complete segment, if the size of merged data exceeds a seg-
ment size, to be directed to the principal data memory 3140,
and an mcomplete segment, of u bytes, to be stored 1n the
auxiliary memory 1f u>0. To simplify the design, the burst
s1zes (burst lengths) are restricted to be integer multiples of a
basic unit, which may be selected to be a data segment. A
burst may occupy several records in the principal data
memory 3140.

FIG. 33 illustrates the process of storing a new packet
received at an ingress port 2910 of a source node 120A. The
packet 1s first associated with one of predefined burst streams.
A burst stream may be defined according to destination and a
selected path through a core node. For the purpose of burst
formation, all burst data from a source node to a sink node are
treated as a single burst stream. When a packet 1s received, it
1s segmented nto segments 1n a conventional manner at the
ingress port 2910. Data segments recerved at an output port
2930 of a source node includes both complete and incomplete
segments. An incomplete segment has less data than the
defined segment size and 1s null padded. The segments are
processed individually. The stream 1dentifier, k, and the pay-
load length, L, of the segment (which excludes any null pad-
ding) are determined. The two fields C(1, k) and C(2, k),
corresponding to entries 1n the auxiliary and principal data
memories of FIG. 31, are read simultaneously from the con-
trol memory 3120. A value C(1, k) of 0 indicates that there 1s
no fractional segment belonging to stream k and waiting in
the auxiliary memory 3130. Thus, i step 3310, 11 C(1, k) 1s
determined to be zero, control 1s transferred to step 3320,
otherwise, control 1s transferred to step 3330. In step 3320, 1f
the length L 1s determined to be equal to the predefined
segment length G (G=128 bytes for example), the segment 1s
stored directly 1n principal data array 3240 which 1s organized
as mterleaved link lists (step 3324). In eflect, the principal
data array 3240 constitutes a number of interleaved queues.
(Interleaved linked lists are well known 1n the art and are not
described here. Basically, they allow dynamic sharing of a
memory by X>1 data streams using X insertion pointers and
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X removal pointers.) Otherwise, if in step 3320 the value of L
1s determined to be less than a full-segment length G, the
fractional segment 1s placed in position k 1n auxiliary array
3230 (step 3322). Note that, at this point, the position k 1n
auxiliary array 3230 1s vacant because step 3320 1s reached
only when C(1, k) 1s determined to be zero. The fractional
segment will remain in auxiliary array 3230 until it 1s either
concatenated with a forthcoming segment of the same stream
k, or1s dequeued by the burst-transter scheduler 3150, which-
ever occurs first. If, on the other hand, the entry C(1,k) 1s
found 1n step 3310 to be greater than zero, the enqueueing
controller 3110 concludes that there 1s a waiting fractional
segment belonging to stream k. The arriving segment,
whether complete or fractional, 1s then concatenated with the
existing fractional segment (step 3330). In step 3332, if the
result equals or exceeds a full segment, a full segment 1s
appended directly to a corresponding queue 1n principal array
3240 which can hold several interleaved queues, each corre-
sponding to a sink node. If the remainder of concatenation 1s
greater than zero, the remainder 1s placed back 1n position k 1n
auxiliary array 3230 (step 3335). If the remainder i1s zero,
corresponding entry C(1,k) in array 3220 1s set equal to zero
(step 3333) to indicate to a future arriving segment that there
1s no waiting fractional segment belonging to stream k. It 1s
noted that the interleaved linked lists are addressed indepen-
dently but they share the same memory device 3140.

FIG. 34 1s a flow chart showing the dequeueing of segments
to form bursts under rate control. Note that the enqueueing
process of FIG. 33 1s triggered by a packet arrival at an output
port 2930 while the dequeueing process of FIG. 34 1s trig-
gered by a burst-transier scheduler 3150 which indicates the
service eligibility for each burst stream. When the burst-
transier scheduler 3150 indicates that a stream k 1s eligible for
burst transier, the corresponding burst length for stream k 1s
determined. The burst length, Y, 1s determined as an integer
multiple of a segment length. The selection of the burst length
was described with reference to FIGS. 8 and 9. A counter 1s set
equal to Y and decreased 1n steps of unity as segments are
dequeued from principal data array 3220 and/or auxiliary
data array 3230. When the counter reaches zero, the dequeue-
ing of the burst 1s complete.

To dequeue a segment, two single-bit numbers S1 and S2
are determined (3412) by a simple logic circuit (not 1llus-
trated). S1 equals O, if C(1,k)=0, and equals 1 otherwise. S2
equals 0, if C(2, k)=0, and equals 1 otherwise. Selector 3414
selects one of three branches based on the value of {S1, S2}
as illustrated in FIG. 34. If the 2-bit number {S1, S2} is “00”,
the dequeueing controller 3180 (FI1G. 31) concludes that there
are no segments belonging to stream k waiting 1n either aux-
iliary array 3230 or principal data array 3240. It then returns
a code “0” to the burst-transter scheduler 3150 (FI1G. 31). The
burst-transfer scheduler 3150 may use the return code to
terminate burst dequeueing from memories 3130 and 3140
when the number of dequeued segments, which may include
a fractional segment, 1s less than the number of segments
specified by a master controller 240. The burst-transier
scheduler 3150 may also use the return code to perform other
functions specific to its internal operation. If the number {S1,
S2} is “10”, the dequeueing controller 3180 concludes that
there 1s a fractional segment 1n auxiliary data array 3230 but
no segments in principal data array 3240 belonging to stream
k. In step 3422 the entry C(1.k) 15 reset to zero and the
fractional packet waiting 1n auxiliary data memory 3130 at
entry k 1s transterred to the network through selector 3436 and

outgoing link 3440.
[fthe number {S1, S2} is either “01” or <117, the dequeue-

ing controller 3180 concludes that there 1s a complete seg-
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ment belonging to stream k waiting in principal data memory
3140 (principal data array 3240). Control 1s then transferred
to step 3432. The existence, or otherwise, of a waiting frac-
tional segment belonging to stream k in auxiliary data
memory 3130 1s irrelevant. The complete segment 1s then
transierred from principal data memory 3140, as indicated in
step 3432, through selector 3436 and outgoing link 3440.
Normal book keeping functions, such as the return of the
address H=C(2.k) to the pool of free addresses in memory
3140, are performed 1n step 3434.

The embodiments of the mvention described above are
intended to be exemplary only. Other modifications will be
apparent to those skilled in the art and, therefore, the mven-
tion 1s defined 1n the claims.

What 1s claimed 1s:

1. A method of burst switching 1n a network that includes a
plurality of core nodes and a plurality of edge nodes, said
plurality of core nodes arranged 1n a composite-star configu-
ration, with each core node comprising parallel optical
switches, the method comprising:

receiving, by a controller of a first core node selected from

among said plurality of core nodes, bitrate allocation
requests from each edge node among said plurality of
edge nodes, each said bitrate allocation request specity-
ing a respective destination edge node;

generating, by said first core node, burst-transfer permits

specific to said each edge node, each burst-transier per-
mit specitying a permissible burst size and an inter-burst
interval for said respective destination edge node, the
permissible burst size constrained by a lower bound
based at least mn part on a guard time requirement
between successive configurations of the first core node,
the time requirement being adaptively adjusted based on
a switching rate of an optical switch of said first core
node;

sending, by said first core node, said burst-transier permits

to said each edge node;

receiving, by said first core node from said each edge node,

data bursts corresponding to said each burst-transter
permit, each said data burst formed according to said
permissible burst size, said inter-burst interval, and said
respective destination edge node; and

switching, at said first core node, said data bursts to said

respective destination edge node.

2. The method of claim 1 further comprising:

receiving at a second core node among said plurality of

core nodes additional bitrate allocation requests from
said each edge node;
sending, from said second core node, additional burst-
transier permits to said each edge node; and

assembling at said each edge node additional data bursts
directed to other edge nodes through said second core
node, each said additional data burst having a burst size
not exceeding a permissible burst size specified by a
respective additional burst-transfer permiat.

3. The method of claim 2 further comprising specifying,
with said each burst-transfer permit, an arrival time at said
first core node.

4. The method of claim 3 further comprising said each edge
node determining time instants of transmitting said additional
data bursts to said second core node so that each of said
additional data bursts arrives at said second core node at a
respective specified arrival time.

5. The method of claim 3 further comprising each edge
node of said plurality of edge nodes simultaneously transier-
ring data bursts to said first core node and said second core
node.
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6. The method of claim 5 further comprising, where said
network has collocated edge nodes and core nodes, equaliz-
ing propagation-delays from the edge nodes to the core nodes.

7. The method of claim 5 further comprising time locking,
cach edge node of said plurality of edge nodes to each core
node of said plurality of core nodes.

8. Network communication equipment that facilitates burst
switching, comprising:

a plurality of edge nodes each having a switching fabric
and connecting to a respective plurality of data sources
and sinks:

a plurality of core nodes arranged 1n a composite-star con-
figuration, each core node having a plurality of parallel
optical switches, each optical switch comprising:

a burst scheduler for generating at least one edge-node-
specific burst transfer permit, each edge-node-spe-
cific burst-transier permit specifying a permissible
burst size and an 1nter-burst interval, the permissible
burst size constrained by a lower bound based at least
in part on a guard time requirement between succes-
stve configurations of a first core node of the plurality
of core nodes, the guard time requirement being adap-
tively adjusted based on a switching rate of an optical
switch of the first core node:

a plurality of mput ports and a plurality of output ports;

a plurality of receivers, each coupled to an mput port of
said plurality of input ports, for receiving new data
bursts, together with bitrate-allocation requests, sent
from said plurality of edge nodes; and

a plurality of transmutters, each coupled to an output port
of said plurality of output ports, for sending switched
data bursts transferred from said plurality of input
ports to said plurality of output ports, together with
said at least one edge-node-specific permit, to said
plurality of edge nodes;

wherein said new data bursts sent from said plurality of
edge nodes are assembled at said plurality of edge nodes
responsive to information 1n said at least one edge-node-
specific burst-transier permut.

9. The equipment of claim 8 wherein each said edge-node-
specific burst transier permit further specifies a destination
edge node.

10. The equipment of claim 9 wherein each said edge-
node-specific burst transier permit further specifies a respec-
tive arrival time at said each core node.

11. The equipment of claim 8 further comprising:

a timing controller 1n at least one output port of each said
edge node for determining time nstants of transmitting
said new data bursts to a corresponding core node among,
said plurality of core nodes so that each of said new data
bursts arrives at said corresponding core node at a speci-
fied arrival time.

12. The equipment of claim 11 further comprising a plu-
rality of transmitters in each edge node for simultaneously
transferring data bursts to said plurality of core nodes.

13. The equipment of claim 11 wherein said plurality of
edge nodes and said plurality of core nodes are collocated,
and wherein propagation-delays from the edge nodes to a
specific core node among said plurality of core nodes are
equalized by equalizing lengths of fiber links from said plu-
rality of edge nodes to said specific core node.

14. The equipment of claim 11 wherein each core node has
an independent master time counter and each edge node has at
least one time counter to enable time locking said each edge
node to at least one core node of said plurality of core nodes.

15. A method of burst switching 1n a communication net-
work having a plurality of core nodes and a plurality of edge
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nodes, each core node having a respective plurality of parallel
optical switches, comprising the steps of:

receiving, at a controller of a selected core node of the
plurality of core nodes, a bit rate allocation request from
an edge node among said plurality of edge nodes, the
bitrate allocation request specilying a requisite bitrate
and a destination edge node;

determining, by said controller, an updated bitrate to
replace said requisite bitrate;

determining by said controller, a permissible burst size
constrained by a lower bound based at least 1n part on a
guard-time requirement between successive configura-
tions of said selected core node, the guard time require-
ment being adaptively adjusted based on a switching rate
of an optical switch of said selected core node; and

generating, by said controller, burst transfer permits each
indicating said updated bit rate and specifying said per-
missible burst size and an inter-burst interval;

sending said burst transier permits, by said controller, to
said edge node; and

receiving, by said core node, data bursts from said edge
node based at least 1n part upon said burst-transier per-
mits.

10

15

38

16. The method of claim 15 further comprising speciiying,
with each said burst transter permit, a requisite arrival time at
said selected core node.

17. The method of claim 15 further comprising:

associating said data bursts with a burst stream;

s1zing the data bursts based at least 1n part on at least one

attribute of the burst stream.

18. The method of claim 17 wherein said at least one
attribute 1includes a service class.

19. The method of claim 15 further comprising:

associating said bitrate-allocation request with a burst

stream; and

switching all data bursts of said burst stream in said

selected core node.

20. The method of claim 15 further comprising time lock-
ing each edge node of said plurality of edge nodes to at least
one of the optical switches of said selected core node.

21. The method of claim 15 further comprising a step of
said controller generating said burst-transier permits periodi-

20 cally.
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